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Prefácio 
A presente dissertação tem por objetivo a avaliação “in vitro” da 
biodegradação de resinas acrílicas de rebasamento utilizadas em próteses 
dentárias removíveis, provocada pela acetilcolinesterase salivar. Para atingir este 
objetivo, foram realizados estudos experimentais com objetivos específicos: a) a 
caracterização da atividade enzimática da acetilcolinesterase na presença dos 
monómeros residuais característicos deste tipo de resinas, b) a avaliação do efeito 
da acetilcolinesterase na cinética de libertação de monómeros residuais e de um 
dos seus produtos de hidrólise de resinas acrílicas de rebasamento e c) a 
avaliação do efeito biológico dos compostos libertados pelas resinas acrílicas sob 
ação da acetilcolinesterase. 
Este trabalho inclui ainda outro objetivo que visa a avaliação “in vitro” de 
um tratamento pós-polimerização baseado em soluções de etanol, testado em 
resinas acrílicas de rebasamento duro de aplicação direta na cavidade oral. Para 
atingir este objetivo, foram realizados estudos experimentais com os seguintes 
objetivos específicos: a) a determinação do teor de monómero residual das 
resinas acrílicas após o tratamento, b) a caracterização das propriedades 
mecânicas das resinas acrílicas após o tratamento e c) a avaliação do grau de 
conversão das resinas acrílicas antes e após o tratamento proposto. 
A quantificação dos monómeros residuais e de um dos produtos de 
hidrólise foi necessária para: a) a caracterização da atividade enzimática da 
acetilcolinesterase, b) a avaliação da cinética de libertação de compostos de 
resinas acrílicas e c) a determinação do teor de monómero residual das resinas 
acrílicas de rebasamento direto e foi executada através de cromatografia líquida 
de alta eficiência. A avaliação do efeito biológico dos extratos das resinas 
acrílicas foi realizada através de estudos de citotoxicidade. Estes estudos foram 
realizados nos laboratórios do “Chemical Biology and Toxicology Group” do 
“Research Institute for Medicines and Pharmaceutical Sciences - iMed.UL” da 
Faculdade de Farmácia da Universidade de Lisboa. 
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A confirmação da presença e quantificação dos compostos referidos e a 
pesquisa de novos compostos de degradação foram realizadas através de 
espectrometria de massa associada a cromatografia líquida de alta eficiência, no 
Laboratório de Cromatografia Líquida e Espectrometria de Massa da Faculdade 
de Farmácia da Universidade de Lisboa. 
A caracterização das propriedades mecânicas das resinas de rebasamento 
direto foi realizada através de estudos de microdureza e de resistência à flexão, 
efectuados no laboratório de Biomateriais da Unidade de Investigação em 
Ciências Orais e Biomédicas (UICOB), da Faculdade de Medicina Dentária da 
Universidade de Lisboa.  
A avaliação do grau de conversão das resinas acrílicas de rebasamento 
direto foi realizada através de espectroscopia de infravermelho com transformada 
de Fourier, efectuada no laboratório do Instituto de Ciência e Engenharia de 
Materiais e Superfícies (ICEMS), do Instituto Superior Técnico da Universidade 
Técnica de Lisboa. 
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Resumo 
As resinas acrílicas de rebasamento são frequentemente utilizadas em 
Medicina Dentária e têm como principal função a readaptação das próteses 
removíveis aos tecidos de suporte reabsorvidos. Na cavidade oral estão sujeitas 
ao fenómeno de biodegradação, o qual pode levar à alteração das suas 
propriedades químicas, físicas e mecânicas. Além disso, este fenómeno pode 
promover a libertação de compostos químicos que, por sua vez, podem induzir 
respostas biológicas nas células e tecidos da cavidade oral. O impacto biológico 
da biodegradação das resinas acrílicas é controverso, existindo dúvidas sobre as 
suas reais implicações clínicas. Na literatura têm sido descritos sinais e sintomas 
de intolerância associada a estes materiais, o que é motivo de grande 
preocupação.  
A degradação dos monómeros de metacrilato pela enzima 
acetilcolinesterase (AChE) já foi anteriormente confirmada, tendo-se observado 
uma forte atividade catalítica quando estudada na saliva humana. Assim sendo, o 
objetivo do capítulo número dois deste trabalho foi a determinação do efeito da 
enzima AChE na degradação química de três resinas acrílicas de rebasamento, 
Probase Cold, Kooliner e Ufi Gel Hard, que contêm na sua composição, 
respectivamente, os seguintes monómeros: metilmetacrilato (MMA), 
isobutilmetacrilato (IBMA) e 1,6-hexanodioldimetacrilato (HDMA). A 
quantificação dos monómeros residuais e de um produto de degradação comum, 
o ácido metacrílico (MA) foi realizada através de cromatografia líquida de alta 
eficiência (HPLC). Previamente, os monómeros foram incubados com a enzima 
AChE e a hidrólise dos monómeros foi monitorizada. O estudo da degradação 
das resinas foi realizado através da incubação de espécimes de cada material em 
5 mL de solução tamponada ou em 5 mL de solução tamponada com AChE a 5 
U/mL durante 72 horas, com pH de 7.4 a 37ºC. Para simular as condições aguda 
e crónica da utilização destas resinas na cavidade oral foram estabelecidos dois 
momentos: a exposição imediata e a exposição tardia. A primeira foi estudada 
através de extratos de resinas acrílicas incubadas imediatamente após a reação de 
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polimerização. A segunda foi estudada após os espécimes terem sido submetidos 
a um procedimento de envelhecimento aquoso e, subsequentemente, após um 
tratamento de envelhecimento provocado por termociclagem. Nos três 
procedimentos experimentais foram retiradas alíquotas em cada 24 horas e foi 
realizada a análise dos compostos por HPLC. A confirmação da existência dos 
compostos nos extratos das resinas acrílicas e a pesquisa de novos produtos de 
degradação formados pela hidrólise promovida pela enzima AChE foi feita 
através do estudo de espectrometria de massa associada a HPLC. A enzima 
AChE demonstrou maior afinidade para o monómero IBMA do que para o 
monómero MMA. O monómero HDMA demonstrou ser resistente à ação 
catalítica desta enzima. Após os tratamentos de envelhecimento, os espécimes da 
resina Probase Cold não demostraram ter sido afetados pela hidrólise enzimática, 
e os espécimes da resina Kooliner revelaram um incremento na produção do 
produto de degradação MA, mas apenas nos espécimes incubados com a enzima 
AChE. Os espécimes da resina Ufi Gel Hard revelaram a produção de MA, 
mesmo quando o monómero residual HDMA provou ser resistente à ação da 
AChE. Deste estudo é possível concluir que a hidrólise promovida pela enzima 
AChE depende da composição das resinas, bem como da estrutura química e 
solubilidade dos monómeros. 
Após ter sido realizada a avaliação do efeito da AChE na biodegradação 
das resinas acrílicas de rebasamento, no capítulo três deste trabalho estudou-se o 
papel da enzima na citotoxicidade dos extratos dessas resinas. Com esse objetivo 
utilizou-se o ensaio de redução do brometo de [3-(4,5-dimetiltiazol-2-ilo)-2,5 
difenil-2H-tetrazólio (MTT) para determinar a viabilidade celular de culturas 
primárias de fibroblastos humanos. Os espécimes de cada resina foram incubados 
em 5 mL de meio de cultura (grupo controlo) ou em 5 mL de meio de cultura 
com 5 U/mL de AChE (grupo experimental) durante 72 horas a 37ºC. A 
citotoxicidade de soluções dos monómeros residuais MMA, IBMA e HDMA e 
do produto de degradação MA foi também avaliada. As culturas primárias de 
fibroblastos humanos foram expostas a várias concentrações, tanto dos extratos 
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das resinas como das soluções padrão dos compostos isolados. Paralelamente, 
foram utilizados grupos de controlo negativo, de controlo positivo e da ação da 
enzima nas células. A viabilidade celular das culturas expostas a todas as 
diluições dos extratos da resina Probase Cold foi semelhante ao controlo 
negativo. Os espécimes do grupo controlo da resina Kooliner apresentaram uma 
redução de viabilidade celular de quase 90%, sendo que o grupo controlo da 
resina Ufi Gel Hard teve uma redução de aproximadamente 20%. Os grupos 
experimentais, com a enzima AChE, tiveram resultados estatisticamente 
diferentes, embora a diferença tenha sido bastante ligeira. Assim, a resina 
Kooliner demonstrou ser um material bastante citotóxico e a resina Ufi Gel Hard 
um material ligeiramente citotóxico, independentemente da acção da AChE. O 
estudo da viabilidade celular, após exposição a soluções padrão dos monómeros 
e produto MA, permitiu concluir que a citotoxicidade destes materiais não pode 
ser explicada apenas pela toxicidade isolada dos monómeros libertados e do 
produto de degradação comum.  
Apesar de não serem o único fator, os monómeros residuais das resinas 
acrílicas de rebasamento, libertados para o meio oral, são considerados como 
agentes potencialmente tóxicos promotores de reações adversas dos tecidos da 
cavidade oral. Com o objectivo de reduzir a libertação de monómero residual, no 
capítulo quatro deste trabalho são propostos vários tratamentos a realizar após a 
polimerização das resinas acrílicas, baseados em diferentes concentrações de 
etanol e diferentes temperaturas. O estudo foi realizado para as resinas acrílicas 
de rebasamento direto na cavidade oral, Kooliner e Ufi Gel Hard, já que os seus 
extratos mostraram, no capítulo três deste trabalho, citotoxicidade em 
fibroblastos humanos. Assim, foram avaliados o teor do monómero residual 
presente nas resinas, a sua resistência à flexão, a sua dureza e o seu grau de 
conversão. Após a polimerização, os espécimes das duas resinas foram 
submetidos a um dos seguintes tratamentos: imersão em água ou em soluções de 
etanol a 20%, 50% ou 70%, a uma temperatura de 23±2ºC ou de 55±2ºC durante 
10 minutos. Como controlo, foram utilizados espécimes que não foram 
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submetidos a qualquer tratamento pós-polimerização. A determinação do teor de 
monómero residual das resinas foi realizada através de HPLC. Os espécimes de 
cada grupo foram submetidos a testes de microdureza Vickers e, de seguida, a 
testes de resistência à flexão com três pontos de carga numa máquina de testes 
universal. O grau de conversão das resinas foi determinado, antes e após os 
tratamentos pós-polimerização, através de espectroscopia de infra vermelhos com 
transformada de Fourier. Em ambas as resinas estudadas, os espécimes tratados 
com soluções à temperatura de 55±2ºC apresentaram redução do teor de 
monómero residual, a qual foi mais acentuada comparativamente com os 
espécimes tratados com soluções à temperatura de 23±2ºC. O etanol, em 
concentrações mais elevadas, promoveu uma maior redução do teor de 
monómero residual em ambas as resinas submetidas a uma temperatura de 
55±2ºC. O mesmo resultado não foi encontrado em espécimes submetidos a 
23±2ºC, o que evidencia um efeito sinergético entre a concentração de etanol e a 
temperatura. As propriedades mecânicas não se alteraram após os tratamentos 
com etanol a 50%, nos espécimes da resina Kooliner, e após o tratamento com 
etanol a 20%, nos espécimes da resina Ufi Gel Hard. Após cada um dos 
tratamentos, o grau de conversão manteve-se nos espécimes da resina Kooliner, e 
aumentou nos espécimes da resina Ufi Gel Hard. A imersão de próteses 
removíveis rebasadas com resinas de rebasamento direto em soluções específicas 
de etanol a 55ºC, durante 10 minutos, foi considerado um tratamento pós-
polimerização eficaz para a redução do teor de monómero residual. Além de ser 
fácil e de rápida aplicação, este tratamento com etanol não prejudicou as 
propriedades mecânicas das duas resinas acrílicas de rebasamento direto 
estudadas. 
Palavras-chave: biodegradação, esterases, resinas acrílicas de rebasamento, 
monómeros de metacrilato, ácido metacrílico, citotoxicidade, etanol 
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Abstract 
Acrylic reline resins are extensively used in dentistry, since they readapt 
dentures to the continuous reabsorbed underlying tissues. Since present in the 
oral cavity for long periods of time, these materials are objective of the 
biodegradation phenomena, which represents the change on their chemical, 
physical and mechanical properties due to the oral environment conditions and its 
constituents. These processes may permanently alter the properties of the 
material and compromise its function. In addition, they can promote leachable 
products, which in turn may induce a series of biological responses on cells and 
tissues. The biodegradation impact on the biocompatibility of acrylic materials is 
controversial but concern about its clinical significance is a fact as subjective and 
objective complaints about these materials are increasing.  
Acetylcholinesterase (AChE) has been reported to degrade methacrylate-
based monomers and had a strong catalytic activity when tested in human saliva. 
Hence, it was the aim of chapter two of the current work to determine the effect 
of the enzyme AChE on the degradation of three acrylic reline resins, Probase 
Cold, Kooliner and Ufi Gel Hard, which contain the monomers 
methylmethacrylate (MMA), isobutylmethacrylate (IBMA) and 1,6-
hexanodioldimethacrylate (HDMA), respectively, through the quantification of 
residual monomer and one common by-product methacrylic acid (MA) by High-
Performance Liquid Chromatography (HPLC). These monomers were first 
incubated with AChE and their respective hydrolysis was monitored. The study 
of the degradation of the resins was done by incubating specimens of each 
material in 5 mL of buffer or 5 mL of buffer with AChE at 5 U/mL (pH 7.4, 37º 
C) for 72 h. To simulate the short-term and a long-term usage of the resins in the 
oral cavity, two endpoints were established: immediate exposure and late 
exposure. Immediate exposure was studied in eluates of specimens incubated 
immediately after polymerization. Late exposure was studied after specimens 
were submitted to an aqueous environment aging procedure and then, after a 
thermocycling aging treatment. On the three experiments, aliquots from the 
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eluates were taken every 24 h and analysed by HPLC. HPLC-Mass spectrometry 
was executed to confirm the release of the compounds and to search for new 
degradation products promoted by AChE hydrolysis. AChE demonstrated greater 
affinity to IBMA than to MMA and HDMA was resistant to its catalytic action. 
Upon aging treatments, the Probase Cold specimens were not affected by AChE 
hydrolysis and Kooliner specimens showed an increment in the production of the 
by-product MA, but only in specimens incubated with AChE. Ufi Gel Hard 
specimens showed production of MA, even when the residual monomer was 
proved to be resistant to AChE. These biodegradation experiments showed that 
the specificity of hydrolysis by this enzyme depends on the composition of the 
resins, and also, on the chemistry and solubility of the monomers.  
After the evaluation of the effect of AChE on the biodegradation of the 
acrylic reline resins, the role of the enzyme on the cytotoxicity of acrylic reline 
resins eluates, using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) reduction assay, was studied in chapter number three 
of this work. Cytotoxicity of the residual monomers and the by-product (MA) 
was also evaluated. Cultured adult human dermal fibroblasts were exposed to 
multiple concentrations of resin´s eluates and standard compounds solutions. The 
specimens were immersed and incubated in 5 mL of culture medium (control 
group) and 5 mL of culture medium with AChE at 5 U/mL (experimental group) 
for 72 h at 37ºC. Enzyme, negative and positive controls were used. The cell 
viability of cultures exposed to all dilutions of Probase Cold was statistically 
similar to the negative control. Control Kooliner specimens decreased almost 
90% in cell viability and control Ufi Gel Hard specimens almost 20%. AChE 
changed these values only slightly, meaning that Kooliner maintained as a 
severely cytotoxic material and Ufi Gel Hard as slightly cytotoxic. The cellular 
viability studies after fibroblasts were exposed to standard compounds solutions 
alone, led to the conclusion that the results of cytotoxicity of resins could not be 
explained only by cytotoxicity of expectable and known leachable compounds 
and degradation by-products. 
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In spite of not being an isolate causing factor, the residual monomers 
present in the acrylic resins and leached into the medium were considered a very 
important toxic agent that can promote adverse reactions on tissues of the oral 
cavity. For this reason, effective post-polymerization treatments that reduce the 
monomer content of the resins, based in several concentrations of ethanol and 
different temperatures were tested in the chapter number four of this work. They 
were evaluated on the resins that were found to be cytotoxic to fibroblasts in our 
previous chapter, Kooliner and Ufi Gel Hard. Hence, the residual monomer 
content, flexural strength, microhardness and degree of conversion of these resins 
were measured. After polymerization, specimens were immersed in water, 20%, 
50% or 70% ethanol solutions at 23±2ºC or 55±2°C for 10 minutes. Controls 
were left untreated. HPLC was used for the determination of residual monomer 
content. Specimens were submitted to Vickers microhardness and 3-point 
loading flexural strength tests. Degree of conversion was analyzed by Fourier 
Transform Infrared Spectroscopy. Specimens submitted to 55±2°C showed 
reduction of the residual monomer content, when compared to specimens 
submitted to 23±2°C. Higher concentrations of ethanol promoted lower residual 
monomer contents at 55±2°C in both materials, but not at 23±2°C. The 
mechanical properties were maintained after 50% ethanol treatment in Kooliner 
specimens and after 20% ethanol treatment in Ufi Gel Hard specimens. After 
treatment, degree of conversion remained the same on Kooliner specimens and 
increased on Ufi Gel Hard specimens. Immersion of relined dentures in specific 
ethanol solutions at 55ºC for 10 minutes was considered an effective, expeditious 
and easy post-polymerization treatment to reduce the amount of residual 
monomer, while maintaining reline resins´s mechanical properties. 
Keywords: biodegradation, esterases, acrylic reline resins, methacrylate-based 
monomers, methacrylic acid, cytotoxicity, ethanol 
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Objectives and Structure of the Thesis 
 
The present work was elaborated in order to study two main global 
objectives: 1) the evaluation of the biodegradation of acrylic reline resins caused 
by the salivary enzyme acetylcholinesterase and its biological consequences and 
2) the evaluation of the effectiveness of an innovative post-polymerization 
treatment that reduce the principal consequence of the oral biodegradation of 
acrylic reline resins in the oral cavity, the release of residual monomer.  
This thesis is presented in 5 chapters. 
In Chapter 1 an introduction on the theme of the thesis is presented. Brief 
concepts of relining procedures and acrylic materials start the chapter, followed 
by an extensively review on the oral biodegradation phenomena of acrylic 
materials, based on a review article that was published in the scope of this thesis. 
In the end, a brief text resumes the post-polymerization treatments known to 
reduce the residual monomer, the principal consequence of the biodegradation 
phenomena. 
In Chapter 2, the first main global objective of this thesis, the 
biodegradation of acrylic reline resins promoted by the salivary enzyme 
acetylcholinesterase, is experimentally studied and presented in a scientific paper 
format, including 5 parts: Introduction, Materials and Methods, Results, 
Discussion and Conclusions. This chapter is carried out by the following 
specifics objectives:  
a) Characterization of the enzymatic activity of acetylcholinesterase in the 
presence of the residual monomers MMA, IBMA and HDMA. 
b) Evaluation of the leachable compounds and by-product MA of acrylic 
reline resins´ eluates exposed to acetylcholinesterase. 
The Chapter 3 has the specific objective of the in vitro evaluation of the 
biologic effect of the release compounds from acrylic reline resins submitted to 
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acetylcholinesterase, also presented as a scientific paper format and included in 
the first main goal of this thesis, the study of the biodegradation of these resins. 
In Chapter 4, the second main goal of this thesis related to the evaluation 
of the effectiveness of an innovative post-polymerization treatment that reduces 
the residual monomer content of acrylic reline resins, was carried out by 
experimental studies, regarding the following specific objectives: 
a) Evaluation of the residual monomer content of the acrylic reline resins 
after the post-polymerization treatment based in ethanol solutions. 
b) Characterization of the mechanical properties of the acrylic reline resins 
after the post-polymerization treatment based in ethanol solutions. 
This chapter was also presented as a scientific paper and is submitted to 
publication on a referee journal. 
In Chapter 5 the conclusion remarks of all the experimental studies is 
presented with reference for future prospects on this field. 
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1. General Introduction 
 
1.1. Relining procedures 
 
The age distribution of the population in the developed countries is, at 
present, undergoing progressive demographic aging. Over the next 20 years, the 
number of elderly, considered people aged 65 years old and older on these 
countries, is expected to increase. Among those, the edentulous population is 
expected to decrease considerably, due to the implementation of oral health 
programmes that promote the maintenance of teeth. However, although the 
absolute number of elderly persons is expected to double by the year of 2030, the 
actual number of those needing treatment with complete denture will remain 
almost constant. In the United States of America alone, the use of complete 
dentures was projected to increase from 53.8 million in 1991 to 61.0 million in 
2020, caused by the increase of life expectancy (Douglas et al. 2002). 
Residual ridge resorption is a chronic and progressive phenomenon of 
bone remodeling which leads to progressive loss of the residual ridge (Atwood 
and Coy 1971). The resorption is a sequel of alveolar remodeling due to altered 
functional stimulus of the bone tissue. Thus, mastigatory and non-masticatory 
forces are transmitted to the alveolar bone through pressure on the mucosa 
covering the alveolar ridge.  
Progression of residual ridge resorption with age is primarily a problem in 
denture wearers since bone and soft tissue changes gradually diminish the 
accuracy of the denture base adaptation, resulting in some loss of the retention 
and comfort during wear and consequent mucosal lesions (Budtz-Jorgensen 
1999). Older people are associated with higher prevalence of tooth loss and 
edentulousness. Many studies have been published on the need for prosthodontic 
treatment and the demand for such treatment among older adults. Generally, 
these reports indicate that two thirds of the patients examined had clinically 
unstable dentures. The most prevalent problem (77%) among older adults 
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referred in nursing homes was having problems with dentures (Budtz-Jorgensen 
1999). 
In a society where older adults are often denture wearers, the appropriate 
care for these patients is relatively simple, relying on technical and economic 
resources for maintaining complete and removable partial dentures in a 
functional status, usually with modifications of existing prosthesis.  
The most prevalent procedure that provides the appropriate correction of 
an ill-fitted denture is a relining procedure. It permits to restore denture function 
and prevent further tissue damage with modification of pre-existing dentures, 
avoiding the elaboration of cost and time consuming new dentures. Acrylic reline 
resins are usually used for relining procedures, allowing a simple, expedient and 
relatively inexpensive prosthodontics treatment (Rawls 2003). 
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1.2. Acrylic reline resins 
 
Acrylic resins are polymeric biomaterials, where the polymer is described 
as a long-chain molecule that consist of a large number of small repeating units, 
named monomers (Cooper et al. 2004).  
These materials are the result of a free radical additional polymerization 
reaction where the initiator (usually benzoyl peroxide) opens the double bond of 
the monomer presenting another initiation site on the opposite side of the 
monomer bond for continuing growth. Rapid chain growth ensues during the 
propagation step until the reaction is terminated by reaction with another radical 
or polymer molecule.  
Acrylic resins can be classified as chemical, heat or light activated 
depending on the factor that initiates the reaction. Chemical or auto-polymerized 
materials involves a chemical activator like N,N-dimethyl-p-toluidine (Koran III 
2002) (Figure 1.1). For heat-activated materials, heat can be generated by hot 
water bath or microwave energy, while the light-activated use visible light as 
energy source (Sadamori et al. 1995, Azzarri et al. 2003, León et al. 2008). The 
combination of two types of activation is also possible in dual activated acrylic 
resins, which a chemical activator starts the polymerization and visible light 
complement it (León et al. 2008). 
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Figure 1.1 - Free radical production on auto-polymerized resins, through the reaction 
between benzoyl peroxide (initiator) and N,N-dimethyl-p-toluidine (activator). 
 
Usually reline resins are chemically activated, in a powder–liquid form 
and composed of pre-polymerized poly(methyl methacrylate) (PMMA) powder 
particles along with the peroxide initiator and a pigment, which are mixed with 
methylmethacrylate (MMA), the activator N,N-dimethyl-p-toluidine and cross-
linking agents such as ethyleneglycoldimethacrylate (EDGMA) (Cooper et al. 
2004) (Figure 1.2).  
 
 
Figure 1.2 - Free radical polymerization of methylmethacrylate into polymethylmethacrylate. 
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In order to eliminate the MMA from the composition of the resin, pointed 
as cause of sensibilization, inflammation and allergic reactions, another type of 
auto-polymerized resins were created. They are composed of pre-polymerized 
poly(ethyl methacrylate) (PEMA) (Figure 1.3) powder particles, which are mixed 
with other methacrylate monomers (isobutylmethacrylate and 1,6-hexanediol 
dimethacrylate) (Arima et al. 1995 and 1996) (Figures 1.4 and 1.5). This 
improvement, along with a decrease of heat liberation during polymerization 
comparing to PMMA resins, opened the possibility of the relining procedure to 
be executed in the clinical environment, saving time and cost of laboratory 
proceedings (Braden 1988, Sawtell et al. 1997, Celebi et al. 2008). 
For these reasons auto-polymerized resins became categorized according 
to the location where the cure of the material is achieved, as direct reline resins, 
cure in the oral cavity, and indirect reline resins, cured in the laboratory.  
 
Figure 1.3 - Poly(ethyl methacrylate) structure. 
  
Figure 1.4 – Isobutylmethacrylate. 
 
Figure 1.5 - 1,6-Hexanediol dimethacrylate 
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Traditionally auto-polymerized resins are preferred for direct relining 
proceedings for their simplicity and low cost (Haywood et al. 2003). Visible light 
polymerized resins were presented as an easy to handle, with good mechanical 
properties, residual monomer free and low exothermically reactions (Dixon et al. 
1992, Nicolau 1998). Nevertheless, high toxicity levels of these resins were 
proven (Lefebvre and Schuster 1994, Lefebvre et al.1994). 
Acrylic reline resins also can be hard reline resins or soft lining materials. 
Soft lining materials can be divided into two groups (Léon et al. 2008). The first 
comprises materials in which the liquid is made of monomer components, such 
as methyl, ethyl or butylmethacrylate and phthalates, citrates or sebacates as 
plasticizers. The second group is similar to tissue conditioners, in which the 
liquid contains a mixture of plasticizers and ethyl alcohol (Parker and Branden 
1990, Hong et al. 2004, Munksgaard 2005, Gutierrez-Villarreal and Rodriguez-
Velasquez 2007, Léon et al. 2008). 
The conversion monomer-polymer is never complete. Auto-polymerized 
materials are known for their lower degree of conversion and consequently 
higher residual monomer content (3 to 5%), compared to heat-activated resins 
(Cooper et al. 2004).  
The residual monomers stay trapped in the polymer net, affecting the 
mechanical properties of the materials (Koran III 2002, Rawls 2003), or can 
diffuse to the surrounding medium, causing biological responses (Bayraktar et al. 
2006). The percentage of monomer release is dependent not only on the 
monomer chemistry or amount in the resin but also on the medium composition 
(Ferracane 1994). Several researchers have analyzed the influence of this 
characteristic on in vitro release profiles of leachable monomers from acrylic 
resins (Bettencourt et al. 2000, Polydorou et al. 2009).  
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1.3. Biodegradation of acrylic reline resins 
 
An important issue regarding the clinical application of the acrylic reline 
resins is their biodegradation. It can be defined as the changes on their chemical, 
physical and mechanical properties due to the oral environment conditions.  
In the oral cavity the materials are exposed to a rather complex milieu that 
comprises different endogenous (proteins, enzymes, polysaccharides, bacteria) 
and exogenous substances (all different sorts of compounds coming from the 
diary intake diet). These components establish a complex and intricate interplay 
of interactions, which result along with an important mechanical action, in a 
general biodegradation phenomena towards the biomaterials present in the oral 
cavity. These processes may permanently alter the properties of the material and 
compromise its function. 
In addition, biodegradation of a biomaterial can produce leachable 
products, which in turn may induce a series of biological responses on cells and 
tissues. Biodegradation impact on the biocompatibility of acrylic materials is 
controversial (Ebadian et al. 2008) but concern about its clinical significance is a 
fact as subjective and objective complaints about these materials are increasing 
(Boeckler et al. 2008) (Figure 1.6) 
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Figure 1.6 - Interactions between causes and consequences of oral biodegradation. 
 
1.3.1. Causes for biodegradation  
 
The polymeric materials were classically recognized as long-chain and 
large stable structures with a high degree of resistance to biodegradation. 
However, several studies conducted especially with composites materials, 
showed that polymers may be subject to a myriad of degradation processes in the 
oral cavity (Santerre et al. 2001, Ferracane 2006). 
Polymer degradation does not occur as a result of isolated processes, 
multiple factors as saliva, chewing, thermal and chemical dietary changes may be 
responsible for the biodegradation processes (Santerre et al. 2001). 
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1.3.1.1. Saliva components 
 
Water is the most abundant component of saliva as such is one of the main 
factors to cause biodegradation. The oral environment necessarily facilitates 
water sorption from the saliva to the resin, which is a polar material. Water 
molecules can easily penetrate the polymer network allowing the diffusion of 
unbound/uncured monomers and/or additives from the material network 
(Kawahara et al. 2004, Faltermeier et al. 2007, León et al. 2008).  
There are two conditions that influence the amount of water diffusion to 
denture resins. One is the water diffusion coefficient of the material that affects 
the time needed for its saturation with water. The other one is the amount of 
residual components that are release for the medium and replaced by water 
molecules (Santerre et al. 2001, Kawahara et al. 2004, Ferracane 2006). 
 Water sorption has been shown by several authors to follow Fickian 
diffusion kinetics (Braden et al. 1976, Kalachandra and Turner 1987, Siderou et 
al. 2004). Therefore, one might expect a typical polymeric dental material to 
become saturated with its aqueous environment within one to two months after 
placement.  
Polymeric structures and dental materials in particular may also be 
chemically degraded in aqueous solutions essentially through hydrolysis, along 
with catalyzed enzymatic reactions (Santerre et al. 2001, Ferracane 2006). 
Salivary enzymes can catalyze the degradation of polymers through attacks on 
the side chains, producing both potentially harmful by-products as well as a 
deterioration of the properties of the network. The composition of the monomers 
producing the network is a major factor in determining the extent of degradation, 
especially when enzymes are responsible. Various esterases that have been 
shown to be present in saliva can promote the hydrolysis of methacrylates. The 
effect of enzyme degradation on mechanical properties has been manifested as a 
reduction in surface hardness and wear resistance (Larsen and Munksgaard 1991, 
Larsen et al. 1992, Santerre et al. 1999 and 2001, Yourtee et al. 2001, Jaffer et al. 
Insights on the Oral Biodegradation of Acrylic Reline Resins 
  
12 
2002, Finner and Santerre 2004, Lin et al. 2005, Ferracane 2006). 
Interactions between oral microbes and the polymer dental materials may 
also occur, although little information is available regarding this possibility. An 
in vitro study conducted by Willershausen et al. (1999) has shown that bacteria 
can colonize the surfaces of resin based dental materials. They have also found 
an increase in the roughness, suggesting some surface degradation effect caused 
by bacteria colonization.  
 
1.3.1.2. Chewing force  
 
Biodegradation of the materials in the oral cavity can also be induced by 
fatigue, which is caused by relatively weak repetitive loads such as ordinary 
chewing force. A continuous application of mechanical and environmental loads 
leads to progressive degradation and crack initiation and growth, resulting in 
catastrophic failure of the resins. This process is further assisted by pre-existing 
voids introduced during the material processing and residual stresses (Drummond 
2008). Chewing can also apply shear and compression forces on denture teeth 
causing wear (Roulet 1987). 
The mechanical loading developed on the material is usually study by 
means of cyclic loading. A chewing simulator designed to imitate the chewing 
forces that are produced during function is used. It has been realized that static 
evaluation of a material may not be as important as cyclic fatigue values for 
materials utilized in the oral cavity. The simulator usually acts in a frequency of 
2 Hz with sinusoidal loads cycling for 11000 and 100000 cycles at a load level of 
60% of the fracture load of non-cycled specimens (Drummond 2008). 
The effect of chewing on the release of substances from acrylic based 
resins is controversial. Simulation of mastication by dynamic cycling did not 
produce any significant increase in the leaching of phthalate esters in soft 
polymers except those with ethanol (Jones et al. 1988). Nevertheless Graham et 
al. (1991) has shown that clinically tested denture lining materials appeared to 
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loose significantly more plasticizer than materials stored statically in vitro over 
the same time frame. 
 
1.3.1.3. Thermal and chemical dietary changes  
 
Intraoral temperature changes may be induced by routine eating and 
drinking. These temperature changes produce a hostile environment for the 
materials as they have a different coefficient of thermal expansion compared to 
natural tooth. Thermal fluctuations encountered in vivo can induce surface 
stresses due to the high thermal gradients near the surface. Mechanical stresses 
induced by different thermal changes can directly induce crack propagation 
through bonded interfaces influencing the bond strength between denture base 
and reline materials (Kournetas 2005, Neppelenbroek et al. 2006).  
The thermal changes are simulated in research through thermocycling. 
The specimens are immersed in almost extreme temperatures baths: 5±2ºC and 
55±2ºC with a dwell time that varies between 30 seconds to 1 minute each 
(Minami et al. 2004). 
Foods and drinks can also affect dental materials by the direct effect of 
their additives, like ethanol, and their capacity of changing the intraoral pH 
values (Jepson et al. 2000). 
 
1.3.2. Consequences of biodegradation 
 
A major clinically significant consequence of acrylic based resins 
biodegradation is the release of potential toxic unbound/uncured monomers 
or/and additives from the polymer network. The released compounds may have a 
toxic effect on the oral cavity. With respect to materials stability, biodegradation 
may induce significant changes in materials physical and mechanical properties 
that may ultimately lead to the catastrophic failure of the material. 
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1.3.2.1. Release of compounds from acrylic based resins 
 
The release of compounds from different types of acrylic based resins has 
been widely investigated (Gonçalves et al. 2008). The majority of studies refer to 
denture (Koda et al. 1990, Tsuchiya et al. 1994, Vallittu and Alakujala 1995, 
Kedjarune et al. 1999, Mello et al. 2003, Viljanen et al. 2006, Filho et al. 2007, 
Boeckler et al. 2008, Celebi et al. 2008, Zissis et al. 2008) and relining (Graham 
et al. 1991, Kawaguchi et al. 1996, Lai et al. 2004, Munksgaard 2005, Sofou et 
al. 2007, Brozek et al. 2008, León et al. 2008, Zissis et al. 2008) materials of 
different chemical composition. Some few studies analyses orthodontic 
appliances (Stafford and Brooks 1985), restorative materials (Kawahara et al. 
2004, Imazato et al. 2006) and tissue conditioners (Hashimoto et al. 2003, Sofou 
et al. 2007). Generally, the experimental conditions consists in incubating 
polymer specimens of different shapes (disks, rectangular, cylinders) and sizes 
prepared according to manufactures instructions in a liquid, at room temperature 
or 37ºC, for periods of time ranging from hours to one or two months. Zissis et 
al. (2008) conducted a longer study (38 months) on the release of residual 
monomer from denture base resins.  
In most studies water is used as the leaching media (Stafford and Brooks 
1985, Graham et al. 1991, Tsuchiya et al. 1993, Vallittu and Alakujala 1995, 
Vallittu 1996, Azzari et al. 2003, Mello et al. 2003, Sofou et al. 2005, Imazato et 
al. 2006, Filho et al. 2007, Sofou et al. 2007, Boeckler et al. 2008, Celebi et al. 
2008, León et al. 2008, Zissis et al. 2008). Ethanol (Kawahara et al. 2004) and 
mixtures of ethanol/water (Sofou et al. 2005 and 2007, Boeckler et al. 2008) has 
also been used in order to increase the solubility of water insoluble compounds 
like phthalates (Munksgaard 2005).  
The diffusion of residual monomers and other leachables components 
from acrylic based materials into human and artificial saliva has been 
investigated in some studies (Baker et al. 1988, Koda et al. 1990, Kedjarune et al. 
1999, Munksgaard 2005, Sofou et al. 2007, Boeckler et al. 2008, Brozek et al. 
2008, Gonçalves et al. 2008, Urban et al. 2009). Kedjurame et al. (1999) used 
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unstimulated whole human saliva to evaluate the release of MMA from heat-
cured and autopolymerized resins. Munksgaard (2005) concluded that artificial 
saliva composed of an aqueous buffer with an esterase enzyme increased the rate 
of diffusion of phthalates from a soft lining acrylic material.  
Very few investigators have concentrated on evaluating the release of 
compounds from acrylic based materials in clinical studies. Baker et al. (1988) 
has evaluated the concentration of residual monomer leached from 
autopolymerized resins in a clinical study. Residual monomer in saliva was 
detected for up to one week wearing either an autopolymerized acrylic appliance 
or a heat polymerized appliance but they only measured the percentage of one 
monomer: methylmethacrylate (MMA). Graham et al. (1991) evaluated the 
release of phthalates from two soft denture lining materials based on 
poly(ethyl)methacrylate (PEMA) polymers by an in vivo and in vitro study. The 
results have shown that a higher loss of plasticizer occurred in vivo, compared 
with the in vitro study. Phthalates were identified in saliva samples collected 
from patients wearing dentures (Lygre et al. 1993) and orthodontic appliances 
(Lygre et al. 1994). Tsuchiya and co-workers (1994) found significant amounts 
of formaldehyde and MMA in human saliva under in vivo conditions leaching 
from acrylic autopolymerized resins.  
Recently, Gonçalves et al. (2008) evaluated the in situ levels of residual 
MMA monomer of an autopolymerized acrylic resin in forty volunteers. High 
concentrations of residual monomer during the first 24 h of use were observed. 
In spite of the different experimental methodologies the majority of 
published studies refers the elution of unbound components mainly MMA 
monomer (Stafford and Brooks 1985, Koda et al. 1990, Vallittu and Alakujala 
1995, Vallittu 1996, Kedjarune et al. 1999, Azzarri et al. 2003, Mello et al. 2003, 
Kawahara et al. 2004, Imazato et al. 2006, Filho et al. 2007, Sofou et al. 2007, 
Brozek et al. 2008, Léon et al. 2008), phthalate esters (Graham et al. 1991, 
Kawaguchi et al. 1996, Hashimoto et al. 2003, Kawahara et al. 2004) and 
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additives like benzoyl peroxide (Boeckler et al. 2008) as one of the main 
consequences of material biodegradation.  
Unbound monomers and additives are eluted within the first hours after 
initial polymerization and its release is time-dependent (Sofou et al. 2005). 
Generally samples release the highest amount of residual monomers during the 
first 24h after being processed (Kedjarune et al. 1999, Mello et al. 2003) 
followed by a slow and moderate release over a long period of time (Celebi et al. 
2008). In a long term study, Sadomori et al. (1992) reported that MMA decrease 
could be expressed in a hyperbola. Residual monomer was detected in dentures 
used up to 17 years, although the majority of this release occurred in the first 5 
years. 
Only a small number of studies have been devoted to investigate issues 
regarding the chemical processes involved in the release of compounds from 
acrylic based resins. The influence of pH on the biodegradation is reported in 
some studies (Lefebvre et al. 1995). Koda et al. (1990) evaluated the influence of 
salivary acidity on the leaching properties of denture base acrylic resins and 
found that lower pH showed higher concentrations of MMA monomer. 
Tsuchiya and co-workers (1993 and 1994) found significant amounts of 
formaldehyde, a compound formed as an oxidation product of the residual MMA 
monomer (Keyf and Keyf 1998), leaching from autopolymerized denture base 
acrylic resins.  
Methacrylic acid resulting from the hydrolysis of MMA was detected 
leaching out from acrylic denture base materials (Koda et al. 1990, Sofou et al. 
2005) and from soft lining materials (Sofou et al. 2007) in water, artificial saliva 
and mixtures of ethanol-water. Benzoic acid derived from the benzoyl peroxide 
initiator has also been observed (Koda et al. 1990). 
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Biological effects of release 
Products of acrylic based resins biodegradation have been suspected of 
being a contributing factor for chemical irritation (Sofou et al. 2007), 
sensibilization and pain of the oral mucosa (Weaver and Goebel 1980, Tsuchiya 
et al. 1994, Sofou et al. 2005, Viljanen et al. 2006), ulceration (Bohnenkamp 
1996), labial edema (Ruiz-Genao et al. 2003) and oral diseases such as burning 
mouth syndrome and denture stomatitis (Bohnenkamp 1996, Hashimoto et al. 
2003).  
Phthalates and other esters of aromatic carboxylic acids used as 
plasticizers in reline acrylic materials may possess undesirable biological effects, 
particularly as xenoestrogens (Hashimoto et al. 2003, Munksgaard 2005, Sofou et 
al. 2005, Urban et al. 2009). 
Reported allergic reactions associated with acrylic based resins (Giunta 
and Zablotsky 1976, Lunder and Rogl-Butina 2000, Leggat and Kedjarune 2003, 
Gonçalves et al. 2006, Aalto-Korte et al. 2007) have been attributed to MMA 
monomer and additives as benzoyl peroxide (Boeckler et al. 2008).  
Cell culture techniques have provided strong evidence that released 
compounds from acrylic based resins may induce a series of biological responses 
on cells.  
It is beyond the scope of this work to review all the numerous publications 
that evaluate the effect of acrylic based resins on cells. Some very good reviews 
related to the subject have already been published (Keyf and Keyf 1998, Jorge et 
al. 2003, Goldibi and Asghari 2009). 
Most studies have focused on the cytotoxicity of leached MMA monomer 
and its derivatives (Bass et al. 1974, Shuster et al. 1995, Sheridan et al. 1997, 
Vale et al. 1997, Kedjarune et al. 1999, Cimpan et al. 2000 a , Huang et al. 2001, 
Gough and Downes 2001, Ciapetti et al. 2002, Yang et al. 2003, Lai et al. 2004, 
Atsumi et al. 2006, Campanha et al. 2006, Jorge et al. 2006, Bettencourt et al. 
2007, Hattori et al. 2008, Att et al. 2009, Goldibi and Asghari 2009). Both 
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permanent (L 929 fibroblast and osteoblast) and primary cells as gingival 
fibroblast, dental pulp, periodontal ligament and epithelial cells are used in the 
studies (Huang et al. 2001, Lai et al. 2004, Atsumi et al. 2006, Campanha et al. 
2006, Jorge et al. 2006). Test systems vary considerably in the way cytotoxicity 
is measured but all indicate changes in basic cell structures, such as cell 
membrane integrity and cell functions like enzyme activities or the synthesis of 
macromolecules (Huang et al. 2001). 
The mechanism of adverse effect caused by MMA monomer is thought to 
involve direct toxicity from released or residual MMA and oxidative stress 
created by free radicals that are released during the resin polymerization 
(Sheridan et al. 1997, Moreau et al. 1998, Huang et al. 2001, Kim et al. 2002, 
Bettencourt et al. 2007, Att et al. 2009). In recent years, investigators have been 
using gene expression analysis for the evaluation of MMA effect on the 
expression of antioxidant enzymes like glutathione (Ishikawa et al. 2006, Hattori 
et al. 2008). Cell culture techniques have also provided strong evidence that 
residual MMA monomer in acrylic based resin biomaterials may cause 
genotoxicity (Schweikl et al. 2001, Yang et al. 2003, Jorge et al. 2006, Schweikl 
et al. 2006) and change in cytokine/growth factor expression of cells (Yoshii 
1997, Labban et al. 2008). Some studies have addressed the effect of other 
methacrylate monomers like isobuthylmethacrylate and 1,6-
hexanedioldimethacrylate (Yoshii 1997, Lai et al. 2004) major components in 
several relining acrylic materials. Cytotoxic effects on primary gingival 
fibroblasts and periodontal cells in dose-dependent manners were observed for 
those monomers (Lai et al. 2004). 
The toxicity of methacrylate monomers differs according to their structure 
(Autian 1975). The structure-toxicity relationship of eighteen acrylic and 
methacrylic compounds was examined by Lawrence et al. (1972) and Bass et al. 
(1974). They have concluded that acute toxicity correlated with water solubility. 
Dillingham et al. (1983) reported that hemolytic activity of acrylates and 
methacrylates esters was related to lipophilicity (inversely related to water 
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solubility) and that the mechanism of the action of the esters was membrane 
mediated and relatively nonspecific. Moreover Yoshii et al. (1997) evaluated the 
cytotoxicity of thirty-nine acrylates and methacrylates. All the acrylates 
evaluated were more toxic than the corresponding methacrylates. In both the 
acrylates and methacrylates, a hydroxyl group seemed to enhance the 
cytotoxicity of the materials. 
Some authors have claimed that MMA monomers, by reacting with 
molecular oxygen may produce formaldehyde (Tsuchiya et al. 1993 and 1994). 
Formaldehyde has proved to be cytotoxic at much lower concentrations than 
MMA (Tsuchiya et al. 1994). This compound is suspected to cause 
hypersensitivity reactions and to be a strong irritant to the mucous membranes 
even at concentrations as low as 0.63 to 1.25 mg/cubic meter (Keyf and Keyf 
1998).  
Phthalate esters used as plastificizers that can be released from acrylic 
based materials have been under evaluation for their cytotoxicity and estrogenic 
activity being considered as toxic compounds (Kleinsasser et al. 2001, Kim et al. 
2002, Hashimoto et al. 2003, Sofou et al. 2007). Moreover some polymerization 
initiators can also cause toxic problems. For example benzoyl peroxide was 
found to induce necrosis in human gingival cells (Masuki et al. 2007). 
A specific study was realized to examine the effects of pH changes on the 
cytotoxicity of eluates from denture base resins on oral epithelial cells. Results 
showed that cytotoxic components leaching were affected by pH (Lefebvre et 
al. 1995). 
 
1.3.2.2. Changes on the physical and mechanical properties  
 
Acrylic based resins are subjected to a complex number of conditions 
intraorally that can alter its dimension and/or structural integrity. Biodegradation 
may affect not only the inner properties of the material but also the bond strength 
between denture bases and reline acrylic resins. 
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Inner properties of acrylic based resins  
 
Most published studies have concentrated on the implications of water 
sorption leading to dimensional changes of the materials (Woefel et al. 1963, 
Dixon et al. 1992, Cucci et al. 1999). Its influence on physical and mechanical 
properties of acrylic polymers such as hardness (Woefel et al. 1963, Mese and 
Guzel 2008), flexural strength (Dixon et al. 1991, Takahashi et al. 1998 and 
1999, Sato et al. 2007), resistance to plastic deformation (Takahashi et al. 1998) 
and fatigue limit (Fuji 1989) has also been studied.  
The water molecules can penetrate into the spaces between the polymer 
chains and push them farther apart. Consequently the secondary chemical 
bonding forces (van der Waals forces) between the polymer chains decline and 
results in weight and volume increase to cause an expansion. The greater 
absorption of water by the material, the greater will be the associated 
dimensional change (Rawls 2003). 
With time water molecules can act as plasticizers, altering the mechanical 
properties of the polymer (Koran III 2002). It seems obvious that if water has a 
plasticizing effect on the resins their mechanical properties after water immersion 
should decrease (Mese and Guzel 2008). The research shows these results in 
some kind of resins but not in all. The difference in the chemistry of the resins 
may account for the different effect water immersion has on their mechanical 
properties. Regarding to strength, if the constituent that leaches out exerts a 
lesser plasticizing effect than the water molecules, then the strength of the 
denture polymer should decrease. Conversely, if the constituent that leaches out 
exerts a more profound plasticizing effect than water molecules, then the strength 
of the denture polymer should increase (Takahashi et al. 2000).  
Considering the soft lining materials the plasticizer particles gradually 
leach out in aqueous environments. As they are responsible of impart flexibility 
to the soft liners, their release turns the material progressively more rigid and 
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therefore lead to clinical failure (Braden and Wright 1983). The loss of 
plasticizer may cause decreased percent elongation and increase hardness values 
(Qudah et al. 1991, Dootz et al. 1993). 
The amount of dimensional changes due to water sorption can be 
influenced by the type of resin, their thickness and the amount of cross-linked 
polymers. For example, a heat polymerized denture acrylic polymer takes a 
longer time than an autopolymerized polymer for water sorption to reach 
saturation because of its lower diffusion coefficient of water (Takahashi et al. 
1999). Nevertheless when studying water sorption, Arima et al. (1995) found no 
significant differences between highly cross-linked autopolymerizing reline 
resins and heat-polymerizing denture base resins. 
In an attempt to simulate the plasticizing effect that saliva has on denture 
polymers researchers include in their experimental protocol a period of water 
immersion prior to testing the strength of denture polymers (Takahashi et al. 
1998, 1999 and 2000, Mese and Guzel 2008). There seem to be little agreement 
as to how long denture polymers should be immersed prior to their mechanical 
testing. Although the international standard guidelines points to 50 hours of 
water immersion Takahashi et al. (2000) suggested that the equilibrium strength 
of some denture polymers may well exceed 30 days. Although they recommend a 
4 month water immersion protocol, the mainly water sorption occurs during the 
initial 14 days (Takahashi et al. 1998, 1999 and 2000). 
Chewing may also be responsible for changes in the viscoelastic 
properties of the materials. Muraoka et al. (2003) showed that cyclic loading 
influenced the viscoelastic properties especially the delayed deformation of 
acrylic based soft lining materials. The decrease of delayed deformation 
indicated reduced stress distribution effects of soft lining materials. Moreover the 
water absorption per surface area was suggested to increase after cyclic loading 
(Muraoka et al. 2003). 
Clinical changes in the viscoelasticity of acrylic based soft lining materials 
are characterized by a more rapid and increase reduction on compliance than in 
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vitro media such as water, artificial saliva or denture cleansers. A possible 
explanation for these differences is a solvent effect due to dietary (Jepson et al. 
2000). 
Mixtures of ethanol and water are considered solvents which serve as food 
simulating liquids (Ferracane and Berge 1995). The monomer matrix is 
hydrophilic and absorbs substantial amounts of ethanol and water molecules. The 
solvent penetrates the resin matrix that becomes less hard and less fracture 
resistant (Ferracane and Berge 1995). Nevertheless Jepson et al. (2000) found 
that none of the dietary simulating solvents showed clinical changes in 
compliance except the corn oil or heptanes that simulate the effect of fatty foods.  
 
Bond strength between denture base and reline resins  
 
Degradation processes not only changes the inner properties of the resins 
but also affects the bond strength between the denture base resin and the relining 
material (Sato et al. 2007). Polyzois (1992) found a statistically significant 
reduction in bond strength between soft lining materials and denture base resins 
after 4 months in water storage. They reported that this reduction is the result of 
absorption of water and consequence of swelling and stress build up at the bond 
interface. This fact is corroborated by the weak bond between the MMA based 
net of the denture base resin and non MMA based net of the reline resin. This 
bond is achieved by penetration and diffusion of the reline monomer into the 
denture base resin and formation of an interpenetrating polymer network. MMA 
modified molecules are largest and heavier than pure MMA molecules and that 
fact could affect bonding. When the material swells, not only stress builds 
between the bonding surfaces but the viscoelastic properties of the liners 
changes. The material becomes brittle and transfers the external loads to the bond 
area. 
Other studies have similar results (Aydin et al. 1999, Takahashi et al. 1999 
and 2000, Mese and Guzel 2008) showing a decrease in tensile bond strength of 
relined denture base resins submitted to water storage. Cucci et al. (1999) found 
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that tensile bond strength between hard reline and denture base resins can be 
affected by 30 days of storage in water but not in all the resins. Nevertheless 
other researchers like Minami et al. (2004) showed that shear bond strengths of 
auto-polymerized resin to denture base resins were not significantly influenced 
by water content of the denture base polymer. Also El-Hadary and Drummond 
(2000) found no difference on tensile bond strength of a acrylic based soft lining 
material submitted to 12 week storage. A failure in bonding of relining materials 
can harbor bacteria, promote staining and cause complete delamination and 
failure of the lining. A weak bond will also decrease the strength of the denture 
and cause fractures (Takahashi et al. 1999). 
The temperature also has effects on the bond strength of a lining material 
to the denture base resin. Minami et al. (2004) showed that bond strengths of 
auto-polymerized resin to denture base resins are influenced by thermal cycling. 
Water absorption has been reported to reach saturation earlier with a 
higher water temperature (Braden 1964). Once the network is saturated with 
water and becomes softened the polymer structures stabilizes and there is no 
further reduction in properties (Takahashi et al. 1999). Dootz et al. (1993) 
reported highest values of tensile bond strengths for resilient lining materials 
after thermocycling. Other researchers (Qudah et al. 1991, Léon et al. 2005, Sato 
et al. 2007) had the same kind of results and associated it with the continual 
polymerization of the material or with the release of plasticizer agents during 
thermal cycling. The increase in the rigidity of the material compensates the 
decrease in tensile strength caused by water sorption allowing an increase of the 
shear tensile bond between the liner and the acrylic resin. 
Since high temperature seems to promote further polymerization of resins, 
and therefore reduce their monomer content and increase their mechanical 
properties, temperature-dependent treatments of acrylic resins after its 
polymerization and before insertion in the oral cavity were proposed to reduce 
the release of residual compounds into the oral environment.  
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1.4. Treatments for reducing residual monomer of acrylic reline resins 
 
Since auto-polymerized materials usually presents a lower degree of 
conversion and consequently a higher amount of residual monomer (RM) content 
than heat polymerized resins (Vallittu and Alakujala 1995), methods for 
decreasing RM content and/or improving the acrylic reline resins mechanical 
properties have been investigated as post-polymerization treatments. In addition, 
the reduction of RM content can allow a decrease in the possibility of 
cytotoxicity and tissue reactions (Tsuchiya et al. 1994, Kedjarune et al. 1999, 
Campanha et al. 2006, Chaves et al. 2010) 
High temperature has been reported as a promoter of reduction of RM 
content through diffusion of RM into water (Vallittu and Alakujala 1995, Rawls 
2003, Urban et al. 2007 and 2009) and further consumption through 
polymerization at the sites of active radicals (Lamb et al. 1983, Araújo et al. 
2002, Urban et al. 2009 and 2010). The magnitude of post-polymerization will 
depend on this efficiency, so that a poorly polymerized material will probably 
undergo more post-polymerization. This high temperature was proposed to be 
applied in a water bath at 55ºC for 10 minutes (Vallittu and Alakujala 1995, 
Urban et al. 2007, Bettencourt et al. 2010) or through microwave irradiation 
(Urban et al. 2007). 
Independent of the form of applying temperature, post-polymerization 
treatment based only in high temperature seems insufficient to promote the 
reduction of the RM. The processes of temperature and elution are found to be 
synergetic since high temperature allows that water sorption reaches saturation 
earlier. The RM content of the resins diminishes not only because it is consumed 
on a further polymerization process but also because a temperature-dependent 
diffusion of RM to the medium happens (Lamb et al. 1982 and 1983, Ferracane 
1994, Araújo et al. 2002, Urban et al. 2007). 
Kedjarune et al. (1999) demonstrated that it is not always the acrylic resin 
which has the highest residual monomer content that releases RM in higher 
amount. Thus, the process of elution from resin-based materials seems to be 
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influenced by other factors rather than RM concentration alone. Ferracane and 
Condon (1990) found a very poor correlation between degree of conversion and 
solubility. The author stated that the size, the chemical nature of the released 
components, and the chemistry of the solvent are important factors in the elution 
process. 
So, the chemistry of the solvent is also a key element in post-
polymerization treatments as it influences the elution process of the RM 
(Ferracane and Condon 1990, Ferracane 1994).  
Water immersion produces a plasticizing effect on resins through the 
process of water sorption and replacement of RM leached with water molecules 
(Ferracane 1994 and 2006, Pedreira et al. 2009). On the other hand, temperature 
compensates this plasticizing effect by increasing the rigidity of the material 
(Araújo et al. 2002, Urban et al. 2009 and 2010).  
A water bath post-polymerization treatment at 55ºC for 10 minutes was 
proposed for direct reline resins and showed an improvement on their degree of 
conversion (Urban et al. 2009 and 2010), a reduction of their RM content (Araújo 
et al. 2002, Urban et al. 2007 and 2009) and decrease in the leachability of 
residual compounds to the media (Tsuchiya et al. 1994, Urban et al. 2009). In 
addition, a decrease in their cytotoxicity potential (Tsuchiya et al. 1994, 
Campanha et al. 2006, Chaves et al. 2010) and an improvement on their physical 
properties (Gonçalves et al. 2006, Urban et al. 2007 and 2009) was proved.  
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2. Effect of Salivary Acetylcholinesterase on the Degradation 
of Acrylic Reline Resins 
 
2.1. Introduction 
 
Acrylic reline resins have been use to re-establish the correct fit of acrylic 
dentures, directly on the oral cavity (direct reline resins) or with additional steps 
through laboratory procedures (indirect reline resins). These resins are polymers 
containing a variety of monomers, initiators, activators, stabilizers, cross linking 
agents, plasticizers and other additives. 
The main organic compounds of acrylic reline resins are methacrylate 
based monomers which during polymerization link to create a rigid polymer 
network. As the crosslinking propagates, diffusion inside the network is 
restricted, and a complete cure is therefore not possible to achieve. The residual 
monomers and additives that are not chemically bond to the network are free to 
diffuse out from the cured materials. Several studies have shown that many of 
these components are leaching to the medium from direct (Urban et al. 2009) and 
indirect (Vallittu and Alakujala 1995) reline resins. It is known that some of the 
ingredients in the resin-based materials have cytotoxic (Tsuchiya et al. 1994, 
Moharamzadeh et al. 2007, Chaves et al. 2010), genotoxic (Schweikl et al. 2001, 
Yang et al. 2003, Ishikawa et al. 2006, Hattori et al. 2008) effects.  
Stability of acrylic resins in the oral cavity was addressed in a few studies, 
mostly describing mechanical wear in simulated chewing devices (Van 
Groeningen et al. 1986, Roulet 1987). Acrylic reline resins are also exposed to 
oral biodegradation phenomena caused by different factors such as saliva 
characteristics and thermal and chemical dietary changes. Biodegradation plays 
an important role both in human health and in material integrity.  
The chemical stability of acrylic resins upon exposure to biological fluids, 
specifically the biochemical reactions between the materials and human saliva, 
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was studied more rarely. Previous studies focusing on degradation caused by 
aqueous environment referred only the chemical bond scission due to hydrolytic 
and/or oxidative mechanism (Ferracane and Condon 1990, Koda et al. 1990, 
Vallittu and Alakujala 1995, Hagio et al. 2006, Urban et al. 2006). These studies 
are very limited as it is recognized that additional biological factors, such as 
enzymes, other proteins and cellular activity, can alter the rate and nature of 
chemical degradation of polymeric structures (Santerre et al. 2001). 
A major constituent of human saliva are proteins, including 
immunoglobulins, statherins, enzymes, etc. Many enzyme systems including 
carbohydrases, esterases, proteolytic enzymes and others like carbonic 
anhydrase, have define rolls in the oral cavity (Coury 2004). Esterases were 
suggested to be derived from the cells of the tissues in the oral cavity like human 
gingival epithelium (Ryhanen et al. 1983, Yamali et al. 1990) and salivary glands 
(Ueda and Yamaguchi 1976). Also, inflammatory responses to periodontal 
disease (Ryhanen et al. 1983, Yamalik et al. 1990) and microorganims (Lindqvist 
et al. 1977, Ryhanen et al. 1983) were associated with an increase of these 
enzymes. 
In humans, cholinesterases constitute a group of esterases that catalyse the 
hydrolysis of choline esters, like acetylcholine, at a higher rate than they do with 
other esters. These enzymes can be divided in two main types: 
acetylcholinesterase and pseudocholinesterase. Acetylcholinesterase (AChE) is 
physiologically important since it is present on the neural synapses and blood. 
Multiple forms of these kinds of enzymes were also found to have a non-classical 
hydrolytic activity of other esters like ester-based local anaesthetics or 
monomers, through the same active sites of their usual substrates or peripheral 
ligand-binding sites (Finer and Santerre 2004a). 
In the early 1990s, the possibility of a relationship between the hydrolytic 
activity of saliva and acrylic polymer degradation was studied, mostly through 
physical assays like micro hardness (Freund and Munksgaard 1990, Larsen and 
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Munksgaard 1991) and more rarely through quantification of release products 
(Munksgaard and Freund 1990).  
Afterwards, the role of salivary esterases on the degradation of another 
type of resins used in dentistry- composite resins- composed of dimethacrylates 
monomers, like bisphenylglycidyl dimethacrylte (bisGMA) and triethylene 
glycol dimethacrylate (TEGDMA), has been extensively study (Santerre et al. 
1999, Shajii and Santerre 1999, Santerre et al. 2001, Jaffer et al. 2002, Finner and 
Santerre 2003, 2004 a and b). Previous studies have demonstrated that various 
esterases, such as cholinesterase and cholesterol esterase, can promote 
esteriﬁcation of these dimethacrylates monomers (Santerre et al. 1999, Shajii and 
Santerre 1999, Yourtee et al. 2001, Finner and Santerre 2003, Lin et al. 2005) 
and their activity were found in different levels in human saliva in the range 
proposed by previous studies (Finner and Santerre 2004 a and b).  
The site of cleavage is specifically the ester groups which couple the 
methacrylate moieties to the central portion of monomers (Santerre et al. 2001, 
Finner and Santerre 2004 b and 2007). The enzymatic-catalyzed hydrolysis of 
these ester groups yield potentially harmful by-products like methacrylic acid 
(MA), triethylene glycol methacrylate (TEGMA), ethoxylated bis phenol A, etc. 
(Jaffer et al. 2002, Finner and Santerre 2003, Finner et al. 2004, Van Landuyt et 
al. 2007). These products have already showed cytotoxic effects (Yoshii et al. 
1997, Kostoryz et al. 2003, Volk et al. 2007, Koulaouzidou et al. 2008, 
Szczepanska et al. 2011), estrogenic potential (Olea et al. 1996) and promotion of 
bacterial growth (Hansel et al. 1998).  
Most of the previous mentioned biodegradation studies address the 
production of potential harmful by-products but they also focus on the effect of 
esterases on the surface morphology of the materials, using scanning electron 
microscopy. Depending on the incubation time, they found deterioration of the 
composite resins promoted by esterases, which compromise their chemical 
stability (Jaffer et al. 2002, Finner and Santerre 2003 and 2004 b, Kostoryz et al. 
2009). 
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By contrast, it was not found any work addressing the effects of enzymes 
on the biodegradation of acrylic reline resins. Since the composition of the 
monomers producing the network is a major factor in determining the extent of 
degradation and type of products formed, especially when enzymes are 
responsible (Bean et al. 1994, Ferracane 1994, Jaffer et al. 2002, Finer and 
Santerre 2003 and Santerre 2004a), the effects of the enzyme degradation of 
acrylic resins needs to be more thoroughly investigated. 
It is suggested that esterases can readily cleave the methacrylate-based 
monomers of acrylic reline resins, since they have an ester group (Roulet 1987) 
and have a relatively low molecular-weight. Since cholinesterases showed more 
stability than other esterases (Jaffer et al. 2002, Finner and Santerre 2004b) and 
AChE was found to have a robust catalytic activity on saliva (Ueda and 
Yamaguchi 1976, Ryhanen 1983, Yamalik et al. 1990, Sayer et al. 2004, Ng et al. 
2009), it was found relevant to use this esterase to study the chemical stability of 
the acrylic reline resins. Therefore, theoretically, acetylcholinesterase can 
promote esteriﬁcation of methacrylates with the formation of the by-product MA 
(Figure 2.1), that can be quantified by simple chromatographic assays. 
 
 
Figure 2.1 - Representation of the AChE-catalyzed hydrolysis reaction of monomer IBMA. 
 
Since esterases were found to be stable in the long term, activity of these 
enzymes in generating products when exposed to acrylic reline resins in the oral 
cavity must be studied over extended periods of time (Jaffer et al. 2002). 
Chapter 2- Effect of Salivary Acetylcholinesterase on the Degradation of Acrylic Reline Resins 
33 
The main aim of this study was to evaluate the effect of 
acetylcholinesterase on the degradation of acrylic reline resins (Kooliner, Ufi Gel 
Hard and Probase Cold) by the quantification of the residual monomers 
methylmethacrylate (MMA), isobutylmethacrylate (IBMA) and 1,6-
hexanodioldimethacrylate (HDMA) and one of the degradation by-product, 
methacrylic acid (MA) through high performance liquid chromatographic 
(HPLC). Confirmation of expected compounds and identification of unknown 
degradation products was performed by mass-spectrometry. This was 
accomplished by firstly determine the ability of the enzyme to degrade MMA, 
IBMA and HDMA monomers. 
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2.2. Materials and Methods 
2.2.1. Chemicals 
Acethylcholinesterase (AChE - from electric eel, Electrophorus electricus, 
C- 2888), HEPES[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] solution 
(0.1 M, pH 7.4), acetylthiocholine, 5,5’-dithio-bis-2-nitrobenzoic acid (DTNB) 
and acetic acid were purchased from Sigma-Aldrich Co. (St.Louis, MO, USA).  
MMA was obtained from Merck KgaA (Schuchardt, Germany) and IBMA 
from Fluka, Sigma Aldrich Chemie GmbH (Steinheim, Germany). MA and 
HDMA were obtained from Sigma-Aldrich Co. (St.Louis, MO, USA). 
Acetonitrile was obtained by Merck (HPLC grade) and deionized water 
from the Milli Qwater Purification System (Millipore). 
 
2.2.2. Preparation of the specimens 
The three auto-polymerized materials included in this study are presented in 
Table 2.1 and were selected because of their differences in their chemical 
composition. They are two examples of direct reline resins: a non-crosslinking 
material, Kooliner (GC America Inc, Alsip, Illinois, USA), and a cross linking 
material, Ufi Gel Hard (Voco GmbH, Cuxhaven, Germany), composed of pre-
polymerized poly(ethyl methacrylate) (PEMA) powder particles and the 
monomers IBMA or HDMA, respectively, in the liquid form (Arima et al. 1995 
and 1996). One indirect reline resin - Probase Cold (Ivoclar Vivadent AG, 
Liechtenstein) - represents a poly(methyl methacrylate) (PMMA) based material 
which has MMA as the monomer (Vallittu et al. 1998).  
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Table 2.1 - Materials under evaluation in the study. 
Product Manufacturer Batchnumber 
P/L 
ratio 
(g/ml) 
Compositio
n 
CuringCycle 
Kooliner 
(K) 
GC AmericaInc., Alsip, 
Illinois, USA 
1007201(P) 
1008101(L) 
1.4/1 P: PEMA 
L: IBMA 
10 min 
Ufi Gel 
Hard (U) 
VocoGmbH, Cuxhaven, 
Germany 
0939196(P)  
0929004(L) 
1.77/1 P: PEMA 
L:HDMA 
7 min 
Probase 
Cold (PC) 
Ivoclar Vivadent AG, 
Liechtenstein 
L49853(P) 
L43809(L) 
1.5/1 P:PMMA 
L: MMA                  
15 min, 40ºC,  
2-4 bar 
P-powder; L-liquid; PEMA, poly(ethylmethacrylate); PMMA, polymethylmethacrylate; IBMA, isobutylmethacrylate; 
HDMA, 1,6-hexanedioldimethacrylate; MMA, methylmethacrylate 
Disk-shaped specimens of each material (n=6) were prepared from three 
separate mixtures in stainless steel molds (Figure 2.2), with an average diameter 
of 50±0.1 mm and an average thickness of 2±0.01 mm. The total surface area of 
the specimens (19.64 cm
2
) represents a maxillary complete denture bearing area 
(Minagi et al. 1987) and follows the sample configuration recommended by the 
International Standard Organization (ISO) (ISO 10993-12:2007).  
The mold was placed in the center of a glass plate covered by a polyester 
sheet. All materials were prepared according to the manufacturers’ 
recommendations (Table 2.1) and the mixture was placed into the metal mold 
(Figure 2.2). A new polyester sheet and glass plate was positioned on top of the 
mold and the set was maintained under compression.  
Direct reline resins set at 37±2ºC during the recommended polymerization 
time (Table 2.1), in order to simulate the intra-oral polymerization of the 
material. Polymerization of indirect reline resins was carried out in a pressure 
device (Ivomat, IvoclarVivadent, Lichenstein) at recommended time, 
temperature and pressure (Table 2.1). 
After polymerization, side irregularities were removed with a 2000-grit 
silicon carbide paper.  
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Figure 2.2 - Preparation of the specimens a) Mixture of liquid and powder formulations; b) 
Mixture is placed in the stainless steel mold; c) Mixture and mold between polyester sheets and 
glass plates; d) One example of a Probase Cold disk shaped specimen. 
 
2.2.3. Enzyme preparation and activity assay 
Acetylcholinesterase (AChE) was prepared by dissolving the enzyme at 
the desired concentration in HEPES solution, pH 7.4, at 37ºC. Procedures 
provided by manufacturer permitted to assay that one unit of AChE catalyze the 
hydrolysis of 1.0 µmol of acetylcholine to choline and acetate per min at pH 7.4 
and at 37ºC. 
After the preparation of the enzymatic solution, the acetylcholinesterase 
activity assay was determined by colorimetric Ellman´s method (Ellman et al. 
1961) using acetylthiocholine as subtract and 5,5’-dithio-bis-2-nitrobenzoic acid 
(DTNB) as a chromogen. The level of AChE activity was recorded indirectly by 
the quantification of the product 5-thio-2-nitrobenzoate (that has a yellow color). 
As the concentration of the product increases, an incresase of absorbance was 
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detected in a spectrophotometer unit at 412 nm. The incubation time was set to 5 
min.  
The prepared enzyme solutions were stored frozen at -20ºC until required.  
 
2.2.4. Enzyme catalyzed hydrolysis of MMA, IBMA and HDMA 
monomers 
To assess the activity of AChE on residual monomers supposed to be 
release from the reline resins, mixture solutions of pure monomers MMA, IBMA 
and HDMA with buffer solution were prepared. Enzyme hydrolysis of each 
monomer through time was determined by incubating a defined concentration of 
each monomer with AChE and the removal of aliquots at 5, 10, 15, 20, 25, 60 
and 120 min. Acetonitrile was added to each aliquot to denature the enzyme and 
stop the enzymatic reaction. 
The enzyme progress curves were achieved by removing aliquots at  2.5, 
5, 7.5, 10, 12.5 and 15 min, after mixing each monomer solution with AChE at 
37ºC. The enzyme kinetics parameters Michaelis constant (Km) and maximum 
reaction velocity (Vmax) were calculated through non-linear regression, by the 
disappearance of the monomers quantified by High-Performance Liquid 
Cromatography (HPLC) with UV-detection at 230 nm (explained later on this 
chapter). Three replicates were performed and controls with solutions of 
monomers without AChE were made to check for auto-hydrolysis.  
 
2.2.5. Biodegradation experiments 
The acrylic reline specimens were prepared according to the protocol 
described earlier (2.2.2.). Specimens of each material (n=6) were individually 
placed in a 60 mm diameter plastic Petri dish (Normax) (Figure 2.3) and 
randomly divided in two groups of three specimens each. Specimens of AChE 
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experimental group were immersed in 5 mL of HEPES, pH 7.4 with 5 U/mL of 
AChE. Specimens of the control group were incubated only in 5 mL of HEPES, 
pH 7.4. 
The volume of the medium was selected in order to cover all the surface 
of each specimen (ISO 10993-12:2007). The choice of type of medium and 
number of specimens also follows specific ISO recommendations for degradation 
experiments (ISO 10993-13:2009).  
This study simulated two different set point time exposures of the resins in 
the oral cavity: 1) Immediate exposure (that corresponds to the first 3 days of 
insertion of the relined denture) and 2) Exposure after accelerated aging (that 
corresponds to the period of time afterwards the immediate exposure). This 
situation was studied first by submitting the specimens to an aqueous 
environment aging and subsequently to a thermocycling aging. 
 
2.2.5.1. Immediate exposure 
Specimens of each material (n=6) were incubated for 72 h at 37ºC under 
constant agitation provided by an incubator (Lab Control, Memmet) (Figure 2.3) 
to allow the soluble components to leach into the medium (ISO 10993-12:2007). 
Aliquots of 200 µL were taken from each solution at the periods of 1, 24, 48 and 
72 h. At these time periods, 200 µL of AChE 5 U/mL solution was added to 
AChE experimental groups in order to maintain the active enzyme concentration 
level. At the same time periods, 200 µL of HEPES, pH 7.4 was replaced in the 
control specimens. Acetonitrile (100 µL) was added to each aliquot to stop the 
enzymatic reaction. Samples were centrifuged (2000×g, 4ºC, 2 min) and 
supernatant was removed and kept refrigerated at -20ºC, until required for HPLC 
analysis.  
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Negative control solutions were made incubating HEPES solution, pH 7.4 
with or without AChE in a Petri plate without specimens, to exclude interference 
of medium and AChE with the chemical analysis of the eluates. 
 
Figure 2.3 - Incubation of the specimens a) in 60 mm diameter plastic Petri dish with selected 
medium, b) during 72 h, at 37ºC and under constant agitation provided by an incubator. 
 
2.2.5.2. Exposure after aqueous environment aging 
The same specimens used for immediate exposure experiment were 
submitted to several extraction procedures with distilled water at 37ºC. 
Extractions were performed until no monomer was detected in HPLC, within the 
limits of detection for each compound.  
After extraction, the specimens were incubated during 72 h at 37ºC under 
constant agitation and aliquots of 200 µL were taken from each solution at the 
periods of 1, 24, 48 and 72 h. At specified times, the total amount of medium was 
removed, specimens were washed in deionized water, dried with absorbent paper 
and then immersed into fresh HEPES pH 7.4, with or without 5 U/mL of AChE. 
To each aliquot, acetonitrile was added (100 µL), the sample was centrifuged 
(2000×g, 4ºC, 2 min) and supernatant was removed and kept refrigerated at -
20ºC until required for analysis.  
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2.2.5.3. Exposure after thermocycling aging 
After submitted to the previously described  experiment, specimens were 
treated by a standardized thermocycling aging procedure of 1000 cyclic thermal 
fluctuations between 5ºC and 55ºC (20 seconds each bath) with 5 seconds of 
dwell time, in a specific machine (Refri 200-E, Aralab, Cascais, Portugal) 
(Figure 2.4).  
Then, the specimens were incubated for 72 h at 37ºC under constant 
agitation and aliquots of 200 µL were taken from each solution at the periods of 
1, 24, 48 and 72 h. Daily medium replenishment, with or without 5 U/mL of 
AChE, was executed. To each aliquot, acetonitrile (100 µL) was added, the 
sample was centrifuged (2000×g, 4ºC, 2 min) and supernatant was removed and 
kept refrigerated at -20ºC until required for analysis. 
 
 
Figure 2.4- Thermo-cycling equipment 
 
The experimental protocol of the present study that evaluates the effect of 
AChE on the biodegradation phenomena, including the set time points 
(immediate incubation, incubation after aqueous aging and incubation after 
thermocycling), is schematically explained in Figure 2.5. 
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Figure 2.5 - Experimental protocol of the study of the effect of AChE on the biodegradation of 
Probase Cold, Kooliner and Ufi Gel Hard specimens; I - Analysis after immediate exposure;     
II - Analysis after incubation of aqueous environment aging specimens; III - Analysis after 
incubation of thermocycling aging specimens. RM- residual monomer; MA- methacrylic acid. 
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Ufi Gel Hard (n=6) 
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2.2.6. Quantification of released biodegradation compounds using 
High-Performance Liquid Chromatography (HPLC) 
Three aliquots of 20 µL from each solution were taken and the residual 
monomers and by-product MA were chromatographic separated and quantified 
by high-performance liquid chromatography (HPLC). The MMA monomer was 
quantified in Probase Cold eluates. In Kooliner eluates it was quantified IBMA 
and in Ufi Gel Hard eluates it was quantified HDMA. Since MA is a common 
end-product of all methacrylate-based monomers hydrolyzed at the ester bond, 
the degradation by-product MA was quantified in all eluates.  
The HPLC (Shymadzu system LC-6A, Shymadzu Corporation) procedure 
employed a 5 µm column (Lichrospher 100 RP-18, Merck). The mobile phase 
consisted of acetonitrile:water at proportion 60:40 to quantified IBMA and 
HDMA. To quantified MA and MMA, a 20:80 proportion of acetonitrile: water 
was used, with pH 3 adjusted with acetic acid. The flow rate was 1 mL/min and 
the UV detection was set at 230 nm. Data acquisition was done with the Class 
LC10 software (Shimadzu Corporation, Kyoto, Japan). 
After optimizing the analytical conditions, linear calibration graphs were 
obtained using calibration solutions in HEPES, pH 7.4 with MMA, IBMA, 
HDMA and MA standards solutions. Limits of detection were also studied for 
each compound. Three independent experiments were executed in different days, 
with the same conditions, analyzing three aliquots of each of five concentrations 
of each compound, to warrant the reproducibility of the method.  
The quantification methods were fully validated. The quantities of 
compounds in the analyzed samples were calculated on the basis of calibration 
graphs by taking the area under the chromatographic bands and expressed in 
micrograms per milliliter. The concentrations were converted in µmol/L, taking 
into account the molecular mass of each compound. 
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2.2.7. High-Performance Liquid Chromatography-Mass spectrometry 
(HPLC-MS) analysis of released biodegradation compounds  
One example of control and AChE experimental specimen´ eluate of each 
material, as well as the solutions with standard compounds, were analysed using 
high-performance liquid chromatography-mass spectrometry (HPLC-MS) to 
confirm the identification of the MMA, IBMA and HDMA and by-product MA 
on the solutions. New degradation products were also investigated. The 
identification of the different compounds was based on comparison of full scan 
spectra with the retention times and spectra of the reference substance. The 
quantifications were performed by using MRM mode after selection of the parent 
and daughter ion characteristic of each compound.  
A reversed phase LiChroCART 125-4 RP-18 (5 µm) column (Merck) was 
used in a Waters
TM
 Alliance 2695 HPLC Separation Module to perform the 
chromatographic separation at a flow rate of 0.3 mL/min. The mobile phase used 
was 20:80 proportion of acetonitrile: water. 
The liquid chromatography equipment (Alliance Waters 2695) was 
connected to a Waters
TM
 Micromass Quatromicro API Tandem Quadrupole Mass 
Spectrometer equipped with a Waters
TM
 electrospray ionisation (ESI) source. The 
equipment was controlled by Waters Masslynx Software 4.1. The instrument was 
operated in the positive and negative ion electrospray mode. ESI capillary 
voltage was optimized to 4 kV, cone voltage was set to 20 V, after optimization 
of conditions by direct infusion using the standard solutions of MMA, IBMA, 
HDMA and MA. Source and desolvation temperature were adjusted to 120 ºC 
and 350 ºC, respectively. Data acquisition and treatment were performed with the 
same software. Characteristic transitions were chosen for each standard and 
quantification was performed using MRM mode. In order to try to identify new 
compounds, the conditions were maintained and the data were acquired in SCAN 
mode. For some ions (m/z), fragmentation using different collision energy values 
was also performed. 
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2.2.8. Statistical analysis  
The Kolmogorov-Smirnov test was used to assess the normality of 
concentration of the compounds in the biodegradation experiments. Since the test 
rejected the null hypothesis of normality of the distribution, non-parametric tests 
were used. Mann-Whitney tests were used to compare the concentration of 
compounds between control and AChE experimental groups. To compare 
between materials and time periods in each group, Kruskall-Wallis was used, 
followed by post testing Tukey multiple comparison. Tests were significance at 
p<0.05. 
All analyses were performed with the SPSS statistical package (version 20, 
SPSS Inc. Chicago IL). 
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2.3. Results 
 
2.3.1. Acetylcholinesterase activity 
The increase in the concentration of the product resulting from AChE 
activity is revealed by an increase of its absorbance values with time. The 
catalytic activity of the AChE was therefore proved through the linear relation 
between the AChE product formation and the incubation time (Figure 2.6).  
 
 
 
Figure 2.6 - Confirmation of AChE activity through the Ellman´s method. 
 
2.3.2. Calibration curves of MMA, IBMA, HDMA and MA by HPLC 
The linearity was achieved for all compounds tested, meaning that HPLC 
is an appropriated analytical technique for the quantification of the compounds 
MMA, IBMA, HDMA and MA. The calibration curves were performed in the 
following range of concentrations: MMA=5-200 µg/mL (50-2000 µmol/L) 
(Figure 2.7), IBMA=40-180 µg/mL (280-1300 µmol/L) (Figure 2.8), 
HDMA=40-180 µg/mL (160-700 µmol/L) (Figure 2.9) and MA=2.5-200 µg/mL 
(30-2300 µmol/L) (Figure 2.10). Limits of detection were MMA=1.0 µg/mL (10 
µmol/L), IBMA=1.8 µg/mL (10 µmol/L), HDMA= 5.0 µg/mL (20 µmol/L) and 
MA=0.5 µg/mL (6 µmol/L). 
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Figure 2.7 - Calibration graph (area vs. concentration) and linear regression fitting results for 
MMA. 
 
 
 
Figure 2.8 - Calibration graph (area vs. concentration) and linear regression fitting results for 
IBMA. 
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Figure 2.9 - Calibration graph (area vs. concentration) and linear regression fitting results for 
HDMA. 
 
 
 
Figure 2.10 - Calibration graph (area vs. concentration) and linear regression fitting results for 
MA. 
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2.3.3. Enzymatic hydrolysis of MMA, IBMA and HDMA by AChE 
Acetylcholinesterase-catalyzed hydrolysis through the disappearance of 
monomers was analysed by HPLC. The extent of auto-hydrolysis was low, 
ranging between a decrease of 0.123 (HDMA) and 0.5 (MMA) % of the initial 
concentration of the monomer (data not shown).  
HDMA was resistant to AChE hydrolysis under the conditions studied 
(data not shown). Incubation of MMA and IBMA with AChE resulted on 
decreasing concentrations of the referred monomers with time, suggesting an 
AChE-catalyzed hydrolysis of the compounds (Figure 2.11) 
The hydrolysis rate of MMA was found to be lower than IBMA when 
2500 µg/mL solutions were tested for 120 min. The major decrease of IBMA was 
seen in the first 20 min, followed by a slower decrease until the final end time 
point. In addition, concentration of MMA decreased 30% in 120 min of 
incubation with AChE in opposition to IBMA which decreased 90% (Figure 
2.11). 
 
 
Figure 2.11 - AChE hydrolysis of IBMA and MMA solutions of 2500 µg/mL through time. 
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Figures 2.12 and 2.13 shows the enzyme progressive curves of the 
hydrolysis of various concentrations of IBMA and MMA solutions, in the first 15 
min. Again, in all solutions studied, the concentration of monomer showed a 
decrease with time of incubation with the enzyme (Figures 2.12 and 2.13). 
 
 
Figure 2.12 - Hydrolysis of IBMA solutions catalyzed by AChE through time. 
 
 
Figure 2.13 - Hydrolysis of MMA solutions catalysed by AChE through time. 
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The Michaelis Menten behavior of AChE on IBMA and MMA monomer 
as substrate are represented in Figures 2.14 and 2.15. The enzyme kinetic 
analysis through Michaelis-Menten equation: y = Vmax[S]/[S] + km (where 
Vmax corresponds to the maximal velocity and Km to the Michaelis constant, 
that is equal to the substrate concentration ([S]) at which the reaction rate is half 
of its maximal value), demonstrate that: 
 IBMA had a Vmax of 719.96 nmol/min and Km value of 12.4 mM. 
 MMA had a Vmax of 554.22 nmol/min and a Km value of 22.8 mM. 
 
 
Figure 2.14 - Michaelis-Menten behavior of AChE on IBMAmonomer as substrate. 
            
Figure 2.15 - Michaelis-Menten behavior of AChE on MMA monomer as substrate. 
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2.3.4. Identification of the release compounds 
The compounds were identified by comparison between HPLC 
chromatographs of the monomers and MA standard solutions, with specific 
retention times (Table 2.2), and HPLC chromatographs obtained from the eluates 
of Probase Cold (Figure 2.16), Kooliner (Figure 2.17) and Ufi Gel Hard (Figure 
2.18).  
 
Table 2.2 - Chemical structures and formulas, molecular weight of compounds released and 
their specific retention time in the HPLC chromatograms 
MA, methacrylic acid; MMA, methylmethacrylate; IBMA, isobutylmethacrylate; HDMA, 1,6-
hexanedioldimethacrylate. 
 
 
 
 
 
Compound 
HPLC 
retention 
time 
(min) 
HPLC 
mobile 
phase 
(acetonitrile 
:water) 
Chemical 
formula 
Molecular 
Weight 
(g/mol) 
Chemical structure 
MA 5.5 min 20:80 C4H6O2 86.09 
 
 
MMA 18 min 20:80 C5H8O2 100.12 
 
IBMA 9.5 min 60:40 C8H14O2 142.20 
 
HDMA 16.5 min 60:40 C14H22O4 254.3 
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Figure 2.16 - HPLC chromatogram of an eluate corresponding to 48 h immediate exposure to 
AChE of a Probase Cold specimen (mobile phase 20:80 acetonitrile:water); MA retention 
time=5.5 min; MMA retention time=18 min. 
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Figure 2.17 - HPLC chromatogram of an eluate corresponding to 48 h immediate exposure to 
AChE of the a Kooliner specimen (mobile phase 60:40 acetonitrile:water); IBMA retention 
time=9.5 min. 
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Figure 2.18 - HPLC chromatogram of an eluate corresponding to 48 h immediate exposure to 
AChE of the a Ufi Gel Hard specimen (mobile phase 60:40 acetonitrile:water); HDMA 
retention time=16.5 min. 
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2.3.5. Quantification of the released compounds on biodegradation 
experiments 
The amounts of released biodegradation products were measured by 
taking the area under the peaks and converting to µg/mL using the equations of 
the calibration curves generated for MMA, IBMA, HDMA and MA (presented in 
2.3.2). The results are presented in µmol/L, considering the molecular weight of 
each compound (Table 2.2). 
 
2.3.5.1. Immediate exposure 
When Probase Cold specimens were incubated immediately after 
polymerization, a significant increase of MMA was showed until 24 h, reaching 
approximately 4500 µmol/L (Figure 2.19a). Then, a proportional decrease with 
time was shown. This kinetic profile was seen in control and AChE experimental 
specimens. At 48 h and 72 h, AChE experimental specimens showed a higher 
release of MMA than control groups (p<0.05) (Figure 2.19a). Relatively to the 
by-product MA, there was an incremental quantification of this compound 
through time, in both control and AChE experimental specimens. Again, higher 
quantities of MA at 48 h and 72 h was found on AChE experimental specimens 
comparing to controls (p<0.05). The maximum concentration of MA found was 
6574 ± 401.81 µmol/L at 72 h on AChE experimental specimens (Figure 2.19b).  
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Figure 2.19- Mean (µmol/L) and standard deviations of concentration of MMA(a) and MA (b) 
released from immediate exposure of Probase Cold specimens through time ; *- means 
significantly differences detected between groups (p<0.05). 
 
Concerning Kooliner specimens incubated after polymerization, it was 
observed an initial increase of IBMA release in the first 24 h reaching 
approximately 800 µmol/L, followed by a proportional decrease until 72 h 
(Figure 2.20a). This kinetic profile of release was the same in control and AChE 
experimental specimens and there were no significantly differences in any time 
measurement (p>0.05). The by-product MA was not found in Kooliner control 
specimens and showed a linear increase in AChE experimental specimens 
through time, reaching 840±145 µmol/L at 72 h (Figure 2.20b). 
 
 
 
 
 
a b 
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Figure 2.20 - Mean (µmol/L) and standard deviations of concentration of IBMA(a) and MA (b) 
released from immediate exposure of Kooliner specimens through time; **- means undetectable 
values ([MA] <6 µmol/L). 
 
Evaluating Ufi Gel Hard eluates, differences were not obtained between 
control and AChE experimental specimens since HDMA, in both groups, 
followed a similar kinetic profile of release: an increase until 45 ±1.6 µmol/L 
reached at 24 h and then a small decrease until 72 h (Figure 2.21a). Concerning 
the degradation by-product MA, an increase of this compound occurred until 24 
h and then maintained similar amounts until 72 h, where it reached 
approximately 500 µmol/L. There was no difference detected between control 
and AChE experimental specimens (p>0.05) (Figure 2.21b). 
  
Figure 2.21 - Mean (µmol/L) and standard deviations of concentration of HDMA (a) and MA 
(b) released from immediate exposure of Ufi Gel Hard specimens through time; *- means 
significantly differences detected between groups (p<0.05). 
 
a b 
** ** ** 
a b 
Insights on the Biodegradation of Acrylic Reline Resins 
56 
2.3.5.2. Aqueous environment aging 
Considering Probase Cold (Figure 2.22), the concentration of MMA 
increase until approximately 800 µmol/L in the first 24 h and then dropped over 
each time period. Specimens of this material showed approximately 300 µmol/L 
of MA in their eluates and a slightly decrease between 24 h, 48 h and 72 h. There 
were no differences found in any time period and compounds concentration 
between control and AChE experimental specimens (p>0.05) (Figure 2.22). 
 
Figure 2.22 - Mean (µmol/L) and standard deviations of concentration of MMA and MA 
released after aqueous environment aging of Probase Cold specimens at time periods of 1, 24, 
48 and 72 h; **- means undetectable values ([MMA]<10 µmol/L, [MA] <6 µmol/L). 
 
The residual monomer IBMA was quantified on aged Kooliner specimens 
at each time period studied. Until 24 h, approximately 300 µmol/L of IBMA was 
detected in Kooliner specimens. This value was maintained at the 48 h time 
period and slightly decreased in eluates of 72 h. It was not found differences 
between experimental and control groups in any time period (p>0.05) (Figure 
2.23). 
On the contrary, Kooliner specimens submitted to AChE showed the 
presence of approximately 200 µmol/L of MA in each time period and no amount 
of MA appeared in the control specimens (Figure 2.23). 
** ** 
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Figure 2.23 - Mean (µmol/L) and standard deviations of concentration of IBMA and MA 
released from late exposure of Kooliner specimens at time periods of 1, 24, 48 and 72 h;        
**- means undetectable values ([IBMA]<10 µmol/L, [MA] <6 µmol/L). 
 
For Ufi Gel Hard specimens, an aqueous aging of the material showed a 
release of 40 µmol/L of HDMA in all time periods. No differences were detected 
between control and experimental groups in the concentration of HDMA. It was 
detected significantly higher amounts of MA in AChE experimental than in the 
control specimens in all time periods (p<0.005). The amount of MA decreases 
along with time in Ufi Gel Hard specimens (Figure 2.24). 
 
Figure 2.24 - Mean (µmol/L) and standard deviations of concentration of HDMA and MA 
released from aqueous aged Ufi Gel Hard specimens at time periods of 1, 24, 48 and 72 h; *- 
means significantly differences detected between groups (p<0.05); **- means undetectable 
values ([HDMA]<20 µmol/L). 
 
** ** ** ** ** 
** 
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2.3.5.3. Thermocycling aging 
After thermocycling aging, Probase Cold specimens released 
approximately 100 µmol/L of MMA after being 24 h in the release medium. The 
amount of residual monomer decreased until 72 h. Also, MA was found in 
Probase Cold eluates in low concentrations. It was not found significantly 
differences between control and experimental specimens in concentration of 
MMA or MA (p>0.05) (Figure 2.25). 
 
Figure 2.25- Mean (µmol/L) and standard deviations of concentration of MMA and MA 
released after thermocycling aging of Probase Cold specimens at time periods of 1, 24, 48 and 
72 h; **- means undetectable values ([MMA]<10 µmol/L). 
 
After thermocycling aging, Kooliner specimens leached IBMA monomers 
in a maximum of 80 µmol/L at the time of 48 h. No differences were found 
between control and AChE experimental specimens. On the contrary, only AChE 
experimental specimens showed low amounts of MA (Figure 2.26). 
** 
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Figure 2.26- Mean (µmol/L) and standard deviations of concentration of IBMA and MA 
released after thermocycling aging of Kooliner at time periods of 1, 24, 48 and 72 h; **- means 
undetectable values ([IBMA]<10 µmol/L, [MA] <6 µmol/L). 
 
No detectable amounts of HDMA ( 5.0 µmol/L) were found throughout 
the degradation period for Ufi Gel Hard specimens. Yet, small amounts of MA 
(~6-8 µmol/L) were detected in AChE experimental group of this material 
(Figure 2.27). 
 
 
 
Figure 2.27- Mean (µmol/L) and standard deviations of concentration of HDMA and MA 
released after thermocycling aging of Ufi Gel Hard specimens at time periods of 1, 24, 48 and 
72 h; **- means undetectable values ([HDMA]<20 µmol/L, [MA] <6 µmol/L). 
** ** 
** ** ** ** ** 
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2.3.6. High-Performance Liquid chromatography-Mass spectrometry 
(HPLC-MS) analysis of the biodegradation eluates  
For Probase specimens, MMA and MA were confirmed to be present in 
eluates from control and experimental groups, comparing HPLC chromatograms 
to analysis of reference mass spectra (Figure 2.28 a and b). HDMA was also 
identified in small amounts in enzyme specimen (data not shown). The overlay of 
control and experimental chromatograms, showed differences at 4-5 min 
retention time (Figure 2.28 a) and that part of the chromatogram was then studied 
in the ion spectra. No differences were showed in the ion spectra between the 
specimens (Figure 2.28 c). 
The same procedure was done to Kooliner specimens. IBMA and MA 
were confirmed to be present in both control and experimental specimens (Figure 
2.29 a and b). The overlay showed a different conformation in the same area, but 
again the ion spectra did not reveal differences, in the conditions studied (Figure 
2.29 c). 
Ufi Gel Hard specimens’ analysis permitted to confirm the presence of 
HDMA and MA in their eluates. Also, MMA in control eluate was found in 
small amounts (Figure 2.30 a and b). The chromatograms of both control and 
experimental specimens were found very similar and the ion spectra were 
executed in 5-6 min, trying to include MMA retention time. Differences were not 
showed in these spectra, except for MMA found in control specimens (Figure 2. 
30 c).  
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Figure 2.28 - HPLC-MS results for Probase Cold. a) HPLC chromatograms at 215 nm of 
experimental and control specimens eluates; b) HPLC-MS/MS analysis (MRM mode): 
chromatograms corresponding to transitions at m/z 101.0→73 from MMA and 87→59 from MA;     
c) Comparison of mass spectra of the peak detected in MS Scan at the retention time around 4.5 min 
from experimental and control Probase specimens. 
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Kooliner Control vs Experimental 
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Figure 2.29 - HPLC-MS results for Kooliner. a) HPLC chromatograms at 215 nm of 
experimental and control specimens eluates; b) HPLC-MS/MS analysis (MRM mode): 
chromatograms corresponding to transitions at m/z 143.0→87 from IBMA and 87→59 from 
MA; c) Comparison of mass spectra of the peak detected in MS Scan at the retention time 
around 4.75 min from experimental and control Kooliner specimens. 
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Ufi Gel Hard Control vs Experimental 
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b) 
 
P2
Time
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.00 13.50 14.00 14.50
%
0
100
0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.00 13.50 14.00 14.50
%
0
100
IBAM_02Dez2011_04 1: MRM of 4 Channels ES+ 
101 > 73
1.50e3
5.42
IBAM_02Dez2011_04 1: MRM of 4 Channels ES+ 
87 > 59
47.9
4.26
 
c) 
U3 72h
m/z
106 108 110 112 114 116 118 120 122 124 126 128 130 132 134 136 138 140 142 144 146 148 150 152 154 156 158 160 162 164 166 168 170 172 174 176 178 180 182 184 186 188 190 192 194 196 198 200 202 204 206 208 210 212 214 216 218 220 222 224 226 228 230
%
0
100
IBAM_06Fev2012_02 361 (6.131) Cm (355:365) 1: Scan ES+ 
5.42e5124.02
109.04
107.94
114.98109.99
111.97
116.06
122.88
122.02
117.13
118.97
214.15
150.70
145.03
143.08
130.03
127.00
142.05
135.02131.09
134.05
135.93
139.07
146.99
149.09
208.19
157.09
153.02
155.03
187.32
171.26
165.09158.03
164.16
159.02
169.06
166.06
172.18
180.23
177.10
183.20
198.28191.12
192.07 196.62
199.24
207.31
205.08
209.04
212.10
223.12
221.15
215.24
219.11
224.07
228.85228.00
230.20
 
Figure 2.30 - HPLC-MS results for Ufi Gel Hard. a) HPLC chromatograms at 215 nm of 
experimental and control specimens eluates; b) HPLC-MS/MS analysis (MRM mode): 
chromatograms corresponding to transitions at m/z 255.0→169 from HDMA, 101.0→73 from 
MMA and 87→59 from MA c) Comparison of mass spectra of the peak detected in MS Scan at 
the retention time around 4.5 min from experimental and control Ufi Gel Hard specimens. 
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2.4. Discussion 
 
Biodegradation is considered the degradation due to biological 
environment and should be tested in in vitro models, to predict the changes on 
the physical and mechanical properties of the materials as well as the biologic 
implications due to release of compounds from the polymer matrix. 
Chemical degradation is defined primarily by chemical bond scission due 
to hydrolytic and/or oxidative reactions in an aqueous environment. Since water 
is the key element in all of the chemical degradation schemes, the majority of 
published studies using acrylic reline resins refer the use of buffer solutions as 
the release medium (Santerre et al. 1999 and 2001, Coury 2004, Finner and 
Santerre 2003, 2004 a and b, Park et al. 2009, Seiss et al. 2009). Nevertheless, it 
is recognized that additional biological factors, such as enzymes, other proteins 
and cellular activity, play a very important role in the rate and nature of 
degradation. In this way, release studies measuring residual monomers and by-
products like MA were performed in artificial saliva (Urban et al. 2009). This 
study gave an important step to approximate the in vitro studies to oral 
environment but their saliva showed to be lacking of proteins, the major 
constituent of human saliva.  
Concerning the lack of scientific knowledge on the biochemical 
degradation of acrylic reline resins, the present work intended to evaluate the 
effect of an esterase, acetylcholinesterase (AChE), on the degradation of three 
acrylic reline resins (Kooliner, Ufi Gel Hard and Probase Cold) by the 
quantification of leachable residual monomers (MMA, IBMA and HDMA) and 
one degradation by-product (MA) through high-performance liquid 
chromatography (HPLC). This study simulated two different time setups of usage 
of acrylic resins in the oral cavity: an immediate exposure and an exposure after 
aging (Figure 2.5). In addition, the hydrolysis of residual monomers of each 
material catalyzed by AChE was monitored. 
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Since AChE is an enzyme that hydrolyze choline esters as well as 
dimethacrylate monomers present in the composite resins (Yourtee et al. 2001), 
residual methacrylate-based monomers of acrylic reline resins were considered 
suitable subtracts for this enzyme. Published studies have shown that relative low 
molecular weight monomers have strong affinity with AChE (Yourtee et al. 
2001) and that this enzyme is more stable than other esterases (Yourtee et al. 
2001, Jaffer et al.2002, Finner and Santerre 2004b). In addition, AChE has 
already been detected in saliva in rats (Kousba et al. 2003) and showed a robust 
catalytic activity in human saliva (Ueda and Yamaguchi 1976, Ryhanen 1983, 
Yamalik et al. 1990, Sayer et al. 2004, Ng et al. 2009). All these relevant facts 
showed the suitability of using this enzyme to simulate the chemical stability of 
the acrylic reline resins. The concentration of AChE expressed as units per mL of 
medium, used in the present study, was within the reported range levels of 
salivary AChE found in healthy patients (Ng et al. 2009). In Yourtee et al. 
(2001), AChE was found to be a very stable enzyme, retaining 75% of activity 
after 24 h and 60% after 48 h. Even do, in the present study, we reestablish the 
concentration of AChE every 24 h of incubation of the specimens in the 
biodegradation experiments, to be certain of 100% of its activity. 
 
2.4.1. Hydrolysis of MMA, IBMA and HDMA by AChE 
 
Concerning the AChE-catalyzed hydrolysis of the reline resins residual 
monomers (MMA, IBMA and HDMA), the present study was able to show that 
only IBMA and MMA hydrolysis is catalyzed by AChE in a pH 7.4 solution at 
37ºC (Figure 2.11), since the monomer HDMA showed resistance to AChE 
activity. In Yourtee et al. study (2001), AChE was also proved to hydrolyse only 
0.23% of the initial HDMA concentration, almost the same than auto-hydrolysis 
0.12%, showing that the monomer hydrolysis was almost not catalysed by AChE.  
The resistance of HDMA for AChE hydrolysis can be explained by two 
reasons. Firstly, a weak affinity of AChE for HDMA can be due to the high 
molecular weight of HDMA (254.32 g/mol) and long chain length (14 carbons), 
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typical of a dimethacrylate monomer (Table 2.2). Esterases favor substrates with 
esterified alkyl moieties up to a chain length of about six carbons, with some 
degree of adaptability. Further increases in chain length usually cause a decrease 
in activity (Yourtee et al. 2001). Secondly, HDMA showed almost the lowest 
water solubility values of dimethacrylates monomers (less than 0.1 mM against 
the 4.72 mM of TEGMA) in Yourtee et al. (2001) study, confirmed by a 
preliminary study of this present work (data not shown). This low solubility of 
the monomer could also have influence in AChE activity since the substrate 
could not be available in the medium to the catalytic reaction. 
On the contrary, in the present study, MMA and IBMA showed affinity 
for AChE activity. Comparing to HDMA, they have just one methacrylate group, 
justifying their lower molecular weight and shorter chain length (with five and 
eight carbons, respectively). 
The hydrolysis rate of MMA was found to be lower than IBMA (Figures 
2.12 and 2.13) and the parameters obtained from the enzyme kinetic analysis 
(Km and Vmax) showed that IBMA had a higher affinity to AChE degradation 
than MMA (Figures 2.14 and 2.15).  
Enzymes can have different specificity for different substrates and their 
distinct chemical composition can be one of the explanations for this fact. AChE 
is an enzyme that presents an extraordinarily rapid catalytic reaction when 
cleaves acethylcholine, the preferable substrate of AChE. So, we can suppose 
that the molecular chemical similarities between acethylcholine and IBMA may 
explain the higher specificity for this monomer. IBMA and acethylcholine have 
very similar molecular weights (IBMA=142.20 g/mol vs acethylcholine= 146.20 
g/mol) and carbon lengths (IBMA =8 vs acethylcholine =7). Also, the 
localization of the binding site of the ester in the enzyme could be important to 
explain different activities. Acetylcholine binding site is found to reside in the 
central part of the enzyme but many peripheral binding sites had been identified 
in kinetic studies and seem to be fundamental for some of the non- classical 
functions of AChE (Yourtee et al. 2001). 
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Comparing shorter chain compounds, we found that the less soluble 
molecule IBMA found more AChE activity than MMA (Table 2.2, Figure 2.11). 
This also was showed in Yourtee et al. (2001) study, where more soluble HEMA 
had high enzyme resistance while less soluble ones showed appreciable 
percentages of breakdown. It appears that solubility was the cause of reduced 
enzyme breakdown only when the monomers were considered insoluble. 
 
2.4.2. Biodegradation experiments 
 
The biodegradation experiments tended to explore the effect of 
acetylcholinesterase on the extent and rate of release of degradation products 
through the first months of usage of the acrylic resins in the oral cavity.  
To accomplish this goal, two kind of time set points were studied: the 
immediate exposure of the resin to the oral environment (representing the first 
three days after insertion of the material) and the exposure of the resin to the 
surrounding medium after aging (representing a material that was been worn for 
a longer time). Aging of the specimens were executed firstly by an aqueous 
depended procedure and then by a thermocycling procedure (Figure 2.5). 
 
2.4.2.1. Immediate exposure 
 
In the present study, the immediate exposure experiments was performed 
by the incubation of the acrylic reline resins specimens right after polymerization 
and were very important to reflect the kinetic profile of release of leachable 
monomers and MA production on the oral environment, especially in the resins 
that cured directly in the oral cavity (Kooliner and Ufi Gel Hard). This 
experiment followed a more clinically realistic situation than previous studies 
that performed a pre-incubation procedure of the materials in order to remove a 
significant portion of the leachable un-reacted monomers (Jaffer et al. 2002, 
Finner and Santerre 2003, 2004 and 2007).  
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In fact, an extreme situation was studied, since the medium was not totally 
replaced between time measures, in spite of the reestablishment of the AChE 
activity. This situation is only clinical possible if the relined denture was not 
removed for nocturne rest, as usually recommended in order to permit the elastic 
recover of denture supporting tissues. Nevertheless, maintenance of dentures on 
the oral cavity for one week, with withdraw only for cleansing procedures, is 
documented, in order to permit the aqueous equilibrium between the medium and 
the material, avoiding changes in the dimensional stability of the material 
(Haywood et al. 2003).  
The kinetic profile of residual monomer of Probase Cold control 
specimens (MMA) showed an increase in the first 24 h until approximately 4500 
µmol/L (Figure 2.19 a). These results are in accordance with the release studies 
of Vallittu and Alakujala (1995), showing that the most relevant elution of the 
residual monomer is done in the first 24 h of incubation in aqueous 
environments. A further decrease of MMA concentration in the medium until 72 
h can be explained by hydrolytic reactions present in aqueous environments and 
no further significant release of MMA molecules after 24 h of incubation. 
Analyzing the Probase Cold specimens submitted to AChE (Figure 2.19 a), the 
same kinetic profile of release of MMA is seen, but the concentration of the 
monomer after the 24 h is significantly lower than the concentration of control 
specimens. This reflects the appearance of the hydrolysis of the MMA catalyzed 
by AChE, in addition to the hydrolysis due to the aqueous environment alone 
(Figure 2.19 a). Evaluating the MA kinetic profile, it can be observed an 
incremental concentration of this product in control and AChE experimental 
specimens (Figure 2.19 b), being the result of the hydrolytic cleavage of the 
MMA monomer present in the eluates. After 24 h, the AChE catalyzed 
hydrolysis is evident since the amount of MA in experimental specimens is 
statistically significant higher than the control specimens. In both cases, the 
decrease of leached MMA is followed by an increase of MA formation showing 
that MA probably came from the hydrolysis of leachable monomers and not from 
the degradation of polymer (Figure 2.19).  
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The immediate exposure of Kooliner specimens to the incubated medium 
showed a similar kinetic profile of release of residual monomer than described 
for Probase Cold: an increase until the first 24 h (~700 µmol/L), followed by a 
decrease until 72 h (Figure 2.20 a). On the contrary, there were no differences 
between AChE experimental and control groups. That fact can give the 
impression that AChE is not catalyzing the hydrolysis of IBMA. When looking at 
the production profile of MA we can see that an increase of MA is seen in the 
AChE specimens eluates only (Figure 2.20 b). This means that the AChE is 
catalyzing the hydrolysis of IBMA and the IBMA is resistant to hydrolytic 
cleavage in water. Even do, the decrease of IBMA from the control eluate is steel 
not explained. The polymerization between residual monomers in the medium 
forming homo-polymers like poly(isobutylmethacrylate) or an oxidative cleavage 
of IBMA that could produce different by-products are the most likely 
explanations. 
When the evaluation of Ufi Gel Hard is performed it can be seen that in 
the first 24 h, a small amount of HDMA is release to the medium in control 
specimens (~ 45 µmol/L) (Figure 2.21 a). Then, until 72 h, the amount of HDMA 
in the medium did not change. No differences where seen when AChE is present 
in the medium, in any time period. These facts can be explained by resistance of 
HDMA to chemical cleavage, either by hydrolytic or by AChE catalytic activity 
previously explained (2.4.1). 
Until 24 h, the level of MA increase in control specimens but then 
stabilized until 72 h. The AChE specimens showed a statistically significant 
higher amount of MA than control specimens on 48 and 72 h incubation time 
(Figure 2.21 b). Since auto-hydrolysis of HDMA is almost inexistent and MA is 
present at the 24 h in the control specimens, we could suppose that some other 
methacrylate-based monomers source of MA is present in the Ufi Gel Hard 
specimens. These extra monomers also can explain the higher amounts of MA in 
48 and 72 h time period in AChE experimental specimens. Small amounts of 
methylmethacrylate based monomers was described to coexist with HDMA in 
the liquid of the material from manufacturer´s material safety sheet and this 
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monomer can probably be the substrate for aqueous hydrolytic and enzyme 
catalyzed compound cleavage with the appearance of MA. In our HPLC-MS 
study, MMA was identified and quantified only in the control specimen of Ufi 
Gel Hard (Figure 2.30 a and b), which proves one of the probably source of MA 
release on Ufi Gel Hard eluates. 
The amount of residual monomer release from the materials in the first 24 
h is significantly different, in this order: Probase Cold (~4500 µmol/L) >Kooliner 
(~700 µmol/L) >Ufi Gel Hard(~45 µmol/L) (Figures 2.19 a, 2.20 a and 2.21 a). 
To our knowledge, the comparison between residual monomer (RM) 
content of indirect (Probase Cold) and direct reline resins (Kooliner and Ufi Gel 
Hard) has never been done. In most cases, investigations only revealed that RM 
is present in higher levels in auto-polymerized resins than in heat-polymerizing 
acrylic resins (Tsuchiya et al. 1994, Vallitu et al. 1998, Kedjarune et al. 1999, 
Urban et al. 2007). In our study, the higher levels of RM leaching found in 
Probase Cold eluates could be explained by a higher RM content than Kooliner 
and Ufi Gel Hard specimens, or more likely, by the chemistry of the residual 
monomer. MMA is a low molecular weight monomer, with high solubility in 
water which can facilitates its elution to the medium. In our study, Ufi Gel Hard 
presented a significantly lower level of RM released than Kooliner, in 
accordance to other authors (Urban et al. 2007 and 2009). This can be explained 
either by a higher degree of conversion (Urban et al. 2007) or a lower elution 
capacity of HDMA comparing with IBMA (Urban et al. 2009), probably due to 
its higher molecular mass and lower water solubility. 
In the present study, the amount of product MA in the maximum 
concentration was obtained at 72 h on AChE experimental specimens of the three 
materials and was significantly different between them in this order: Probase 
Cold (~7000 µmol/L) >Kooliner (~900 µmol/L) >Ufi Gel Hard (~500 µmol/L) 
(Figures 2.19 b, 2.20 b and 2.21 b). The amounts of MA were in the same 
magnitude than amounts of leachable residual monomers, except for Ufi Gel 
Hard which shows 10 times more MA produced than leachable monomers. This 
could be explained as Ufi Gel Hard can have in their composition other mono or 
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dimethacrylates monomers besides HDMA that were not studied and that could 
be catalytic hydrolyzed by AChE.  
2.4.2.2. Incubation after aqueous environment aging 
 
While MA can be derived from the unreacted pure monomers (MMA, 
IBMA and HDMA) that leach into the medium, it can also be derived from the 
cleavage of polymer pendant monomers (Ferracane 1994), which have only 
reacted with the resin matrix via one vinyl group (Freund and Munksgaard 1990, 
Santerre et al. 1999) and are still present on the side chains of the polymers 
(Finner and Santerre 2004 a). In this way, removing as much of the unreacted 
leachable monomers as possible from the resins is essential to study the effect of 
acetylcholinesterase on the polymer itself. To accomplish this, in the present 
study, specimens were submitted to an accelerated aging procedure with several 
extraction procedures in distilled water at 37ºC renewed until no monomer was 
detected by HPLC analysis. Most of previous biodegradation studies pre-
incubate the materials in buffer solution for 48 h at 37ºC (Jaffer et al. 2002, 
Finner and Santerre 2003 and 2004), but they did not checked if leaching of RM 
diminishes.  
When evaluating the exposure of material to medium after aging, attention 
must be brought to the fact that the total amount of medium is changed between 
time periods, simulating the renewal of the saliva in the oral cavity in the resting 
periods of relined denture usage. Since all medium is removed, increasing 
quantities of compound in the medium between time periods is not probable. 
Evaluating the Probase Cold specimens of the present study (Figure 2.22) 
we can conclude that this material was not susceptible to the enzyme-catalyzed 
hydrolysis by AChE, since there were no differences in MMA and MA amount 
between control and AChE experimental specimens. Even after the aging 
procedure, the 24 h incubation period showed existence of relatively high 
amounts of RM in the medium (~800 µmol/L), but greatly reduced when 
compared to the immediate exposure (~4500 µmol/L), showing MMA affinity to 
be eluted to the pre-incubated medium. Since the medium was totally renovated 
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between time periods, naturally the 48 h and 72 h time periods of incubation 
showed a decrease of levels of RM and MA, proportional to a reduction on RM 
content. Comparing to the immediate exposure where AChE was able to catalyze 
the hydrolysis of MMA, the levels of substrate can explained the change in the 
results of exposure after aging since as Figure 2.13 show the rate of hydrolysis in 
MMA monomer diminishes with a decrease in monomer concentration. 
On the contrary, Kooliner specimens eluates were found to be susceptible 
to hydrolyses promoted by AChE since levels of MA (~200 µmol/L) were only 
present on eluates of experimental specimens (Figure 2.23). Even submitted to 
the accelerated aging procedure, relatively high amounts (~300 µmol/L) of 
IBMA were found in eluates from both control and experimental specimens in all 
time periods, but lower than immediate exposure amounts (~800 µmol/L). For 
these reasons we cannot conclude that the polymer is being decomposed by the 
enzyme since there are leachable residual monomers in the medium that can be 
the source of the MA product. 
Considering the Ufi Gel Hard specimens, the aging procedure did not 
seem to have reflects on the amount of HDMA content, since the amount of 
leached HDMA is within the same magnitude than the 72 h incubation of 
immediate exposure (Figures 2.21 a and 2.24). This reinforces the fact that this 
compound has a very low solubility (Yourtee et al. 2001) and a relatively high 
molecular weight that neglect the diffusion of the residual monomers to the pre-
incubate medium.  
Similarly to immediate exposure, specimens submitted to AChE did not 
shown differences in HDMA amount comparing to control specimens (Figure 
2.24), explained by the resistance to AChE activity. Levels of MA reveal that 
AChE promoted production of MA by hydrolysis of other monomers than 
HDMA that can be present in Ufi Gel Hard specimens. MA reduction with time 
period is caused by a decrease of monomer content in the resins.  
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2.4.2.3. Incubation after thermocycling aging 
 
For materials whose intended use is longer than 30 days, as the acrylic 
reline resins, an accelerated aging test with the use of temperature is advised by 
ISO (ISO 10993-13:2009), in order to determine the effect of enzyme on 
materials that have been in usage for a long time. 
The utilization of standardized thermocycling aging procedure of 1000 
cyclic thermal fluctuations between 5ºC and 55ºC corresponds to a 6 weeks 
variation of temperature in the oral environment (Gale and Darvell 1999) that can 
be induced by routine eating, drinking and breathing (Palmer et al. 1992). 
Usually this procedure is use to promote aging of materials when adhesion 
between materials is tested (Nicolau 1998, Portugal 2008). 
In the present study, this specific procedure was executed in order to 
promote aging of the specimens with the use of temperature in a standardized 
procedure that is proved to mimic the oral environment.  
Also, the application of high temperature in an aqueous environment is 
known for improving the degree of conversion of these resins (Urban et al. 2009 
and 2010) and therefore decreasing the leachability of residual compounds to the 
medium (Tsuchiya et al. 1994, Urban et al. 2006). This condition is ideal to test 
the degradation of polymer promoted by AChE, since minimizes the production 
of MA from the hydrolysis of residual monomers. 
In other studies, the samples suffer a pre-incubation further cure procedure 
in a vacuum oven at 60ºC for 48 h in order to increase the degree of conversion 
and therefore, decrease the residual monomer content and minimizes the 
possibility of RM leach (Jaffer et al. 2002, Finnr and Santerre 2003). 
In the present study, AChE did not affect the Probase Cold specimens in 
terms of amounts of leachable compounds or by-product MA (Figure 2.25), as 
expectable taking into account the previous experiment (Figure 2.22). After the 
thermal treatment the level of MMA decreased extremely, reaching 
approximately 80 µmol/L. Therefore, MMA was not present in enough amounts 
to saturate the medium and promote the AChE activity.  
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Kooliner eluates were influenced by AChE since MA by products only 
appears in experimental specimens (Figure 2.26). Auto-hydrolysis of IBMA in 
water with the formation of by-product MA is still not apparent.  
On Probase Cold and Kooliner specimens the amount of RM decreased 
after thermocycling until reaching only 80 µmol/L, probably caused by an 
increase of degree of conversion during the aging procedure.  
In Ufi Gel Hard specimens, temperature really seems to increases the 
degree of conversion of the materials since the levels of leachable HDMA 
decrease to undetectable (Figure 2.27). This fact is corroborated by Urban et al 
(2009) which found a decrease monomer content and an increase in the degree of 
conversion when this material was submitted to 55ºC bath for 10 minutes. With 
high temperature, the diffusion rates of the propagating free radicals, the 
unreacted methacrylate molecules and the pendant methacrylate specimens are 
reduced as the polymerization proceeds. This occurs as a consequence of the 
lengthening of the polymer chains which limits the mobility. This is further 
reflected by an increase in the glass transition temperature of the resin over that 
of the curing temperature. 
In the present study, MA was only present in the AChE experimental 
specimens of Ufi Gel Hard, although in low levels (~8 µmol/L) (Figure 2.27). 
Yourtee et al. (2001) found that monomethyacrylate polymers are resistant to 
enzyme hydrolysis. Polymers of moderately long dimethacrylates were 
susceptible to esterase-catalyzed hydrolysis, whereas poly(monomethacrylates) 
were not. The fact that Ufi Gel Hard is a polymer of moderately long 
dimethacrylate and that MA appeared in the medium with absent leachable 
HDMA can suggest that the enzyme catalyzed the hydrolysis of the polymer. 
Nevertheless, our results showing that HDMA monomer is resistant to AChE 
activity and the predictability that monomers offer more resistance on hydrolysis 
when integrated in a polymer net (Youtee et al. 2001), is more wised to think that 
the MA was formed by the degradation of the MMA found in the polymer when 
mass spectrometry study were performed (Figure 2.30 a and c). Nevertheless, not 
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having access to the total composition of the resins leads us to difficulties on the 
studies of biodegradation. 
All residual monomers and MA were confirmed by mass spectrometry 
(Figures 2.28, 2.29 and 2.30). For this identification, standards were used and 
conditions of analysis were optimized for the compounds (Michelsen et al. 2007). 
The search for new degradation products in Probase Cold, Kooliner and Ufi Gel 
Hard was found to be inconclusive since the conditions of the identification of 
products where programmed to find MMA, IBMA, HDMA and MA and 
probably were not adequate to detect these new compounds as each compound, 
depending of its structure, can ionize in different conditions. For optimization, 
higher quantities of sample should be available. 
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2.5. Conclusions  
 
Within the limitations of this study we can conclude that: 
 
 Residual monomer IBMA is subject to hydrolysis catalyzed by AChE, in 
higher rate than residual monomer MMA. Monomer present in HDMA 
was found resistant to AChE. The extent of hydrolysis for methacrylates 
based monomers appeared to be dependent on the chemical structures of 
the monomers. 
 Eluates of Probase Cold specimens showed hydrolysis of residual 
monomer MMA promoted by AChE, with the appearance of the by-
product MA. Enzyme activity was found to depend on the concentration 
of MMA in the medium, since incubation of the specimens after aging 
reveal no differences in the MMA and MA amount between both control 
and AChE experimental groups.  
 Comparison between Kooliner eluates reveal that AChE promoted the 
hydrolysis of IBMA monomer with or without pre-aging treatment of the 
specimens. 
 Ufi Gel Hard specimens revealed resistance to hydrolysis since the low 
levels of HDMA leached to medium did not decrease with time. By-
product MA was present in higher amounts in experimental specimens 
revealing AChE catalytic activity on unknown monomers. 
 Identification of the residual monomers of each material and common by-
product MA were confirmed on the eluates by mass spectrometry. In Ufi 
Gel Hard control specimens, in addition to residual monomer HDMA, 
MMA was also identified by the mass spectrometry study.  
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3. Effect of Salivary Acetylcholinesterase on the Cytotoxicity of 
Acrylic Reline Resins 
 
3.1. Introduction 
 
Changes in the supporting tissue lead to a progressive decline on the fit of 
acrylic dentures. Chemically activated acrylic reline resins have been the material of 
choice for improvement of retention and stability of dentures and can be cured 
directly on the oral cavity (direct reline resins) or in the laboratory (indirect reline 
resins) (Haywood et al. 2003). Acrylic reline resins are usually composed of pre-
polymerized poly(methylmethacrylate) (PMMA) or poly(ethylmethacrylate) (PEMA) 
powder particles along with a peroxide initiator and pigments, which are mixed with 
methacrylate monomers (methylmethacrylate MMA, isobutylmethacrylate IBMA, 
1,6-hexanedioldimethacrylate HDMA) in a liquid form (Arima et al. 1995 and 1996).  
The conversion monomer-polymer is never complete and residual monomers 
(RM) can stay trapped in the polymer net. Investigations revealed that RM is present 
in higher levels in both direct (Urban et al. 2007) and indirect (Tsuchiya et al. 1994, 
Vallitu et al. 1998, Kedjarune et al. 1999) autopolymerized resins than in heat-
polymerizing acrylic resins.  
The residual monomers can diffuse to the surrounding medium (Bayraktar et 
al. 2006) and compromise the biocompatibility of the denture resins (Chaves et al. 
2012), since these compounds have been pointed out as cause of local chemical 
irritation, hypersensibility (Koutis and Freeman 2001), signs of mucosal 
inflammation, vesiculation and ulceration, burning mouth sensation (Cibirka et al. 
1997) and systemic allergic reactions (Gonçalves et al. 2006). An acute ulceration of 
denture-bearing soft tissues after a direct denture reline has also been reported 
(Bohnenkamp 1996) since the direct contact of the non-polymerized resin with the 
underlying mucosa can create irritation of the tissues, due to the liberation of 
compounds and production of heat during setting (Bohnenkamp 1996). 
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Biocompatibility can be defined as the acceptance (or rejection) of artificial 
material by the surrounding tissues and by the body as a whole (Schmalz and 
Bindslev 2009). Biological and toxicological aspects of dental materials are 
important in relation to their clinical usage. In vitro cytotoxicity tests are a necessary 
screening step in the testing of biocompatibility of materials used in humans. They 
are simple, reproducible, cost effective and suitable for the evaluation of basic 
biologic properties of dental materials. They also are more suitable as an alternative 
to the costly, controversial animal experiments, which may also have several 
uncontrollable variables. The quantification of histological effects of acrylic reline 
resins on rat palatal oral mucosa was studied, showing an increase in the thickness of 
the keratinized layer on the denture underlying mucosa (Barclay et al. 1997). 
Nevertheless, besides the evidence of variables that authors could not control, the 
spread of values in experimental groups showed significant overlap and differences 
between groups were found of little importance. In addition, it is acknowledged that 
the results of such an experimental on animals may not directly relate to results seen 
in humans. 
Generally, the exposure pattern of tissues to acrylic resin occurs both directly 
and indirectly. Directly tissue-resin contact exposure occurs in epithelial cells 
(Hensten-Pettersen and Wictorin 1981, Lefebvre et al. 1991 and 1994, Barron et al. 
1993, Cimpan et al. 2000 a) or in fibroblasts (de Gomes et al. 2011). Indirect resin 
tissue contact occurs when the tissue is exposed to components released from the 
resins into the local environment, such as when oral mucosa is exposed to chemicals 
released into the saliva. Studies with eluates were performed in epithelial cells 
(Lefebvre et al. 1994 and 1995, Schuster et al. 1995, Huang et al. 2001) and in 
fibroblasts (Kao et al. 1995, Campanha et al. 2006, Jorge et al. 2004, 2007 and 2009, 
de Gomes et al. 2011).  
In vitro cell culture studies have shown that eluates from reline resins have 
potential to induce cytotoxicity effects on different types of permanent and primary 
cell lineages (Lefebvre et al. 1992, Barron et al. 1993, Lefebvre and Schuster 1994, 
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Lefebvre et al. 1995, Schuster et al. 1995, Cimpan et al. 2000 a and b, Huang et al. 
2001, Campanha et al. 2006, Jorge et al. 2009). 
A few cytotoxic studies point RM from reline resins as the cause of the 
decrease cell viability produced by their eluates (Tsuchiya et al. 1994, Kedjarune et 
al. 1999, Chaves et al. 2010 and 2012). The cytotoxicity of potentially toxic 
compounds that can leach from the resins as plasticizers, like di-n-butyl phthalate 
(DBP), degradation by-products as methacrylic acid (MA) and acid benzoic (BA) 
(Chaves et al. 2010) and intermediates of initiator benzoyl peroxide (Lygre et al. 
1994) have been described. Since formaldeyde was found to be release from denture 
base polymers (Ruyter 1980) cytotoxicity of this compound was proven in the range 
of its low leachable concentrations (Tsuchiya et al. 1994). 
In the oral cavity, acrylic reline resins are objective of esterase- catalyzed 
hydrolysis producing potentially harmful by-products like MA (Chapter 2). Other 
type of dental polymer, composite resins, was susceptible of enzymatic hydrolysis 
yield potentially harmful by-products like MA, triethylene glycol methacrylate 
(TEGMA), ethoxylated bis phenol A (Jaffer et al. 2002). 
The effects of degradation by-products on the function of host cells were 
found to be of intensive concern. Bisphenol A derived products can demonstrate 
estrogenic potential (Olea et al. 1996) and TEGMA was associated with promoting 
bacterial growth which can be clinical relevant in infections on the oral structures 
(Hansel et al. 1998). Also, MA was already found to be cytotoxic in the 
concentrations found in eluates of acrylic reline resins (Chaves et al. 2010).  
The biocompatibility of a dental resin is determined by several factors. In this 
determination, one cannot consider only the cytotoxic effect of the amount and type 
of individually compounds that are eluted from the set material, but also the complex 
interaction with the medium.  
In the scope of our knowledge, cytotoxicity of eluates from polymeric resins 
submitted to esterases has never been studied. Since the objective of all biologic tests 
is to mimic the dynamics of the oral environment, the great range of physicochemical 
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conditions present in the medium (saliva) should be included in the cytotoxic tests. 
The leachability of compounds from acrylic resins was found to be affected by the 
environmental pH (Koda et al. 1989). Changes in pH also affected cytotoxicity when 
oral epithelial viability was addressed (Lefebvre et al. 1995). As esterases are present 
in saliva (Lindqvist et al. 1977, Sayer et al. 2004) and they can degrade acrylic reline 
resins producing new products (Chapter 2), the effect on cytotoxic potential must be 
study. The usage of reline materials in contact with a large area of oral mucosa is a 
subject of concern, even greater concerning direct reline resins, that polymerizes in 
direct contact with it, generating radicals that can also promote cytotoxicity. 
The aim of this study was to evaluate the cytotoxic effect of acrylic reline 
resins eluates (Kooliner, Ufi Gel Hard and Probase Cold) submitted to 
acetylcholinesterase, on human primary fibroblasts. Based on the previous 
investigations on the composition of the eluates (Chapter 2), the cytotoxicity effect of 
the monomers MMA, IBMA, HDMA and the esterase degradation by-product MA 
was studied.  
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3.2. Materials and Methods 
 
3.2.1. Chemicals 
Acethylcholinesterase (AChE), phosphate buffered saline (PBS; 0.01 M 
phosphate buffer, 0.138 M NaCl, 0.0027 M KCl, pH 7.4), Dulbecco´s Modified 
Eagle´s medium (DMEM), fetal bovine serum, penicillin-streptomycin solution and 
trypsin were purchased from Sigma-Aldrich Co. (St.Louis, MO, USA). Versene was 
prepared with ethylenediaminetetraacetic acid (EDTA) 0.1 M purchased from Riedel-
de Haen (Seelze, Germany). 
MMA was obtained from Merck KgaA (Schuchardt, Germany) and IBMA 
from Fluka, Sigma Aldrich Chemie GmbH (Steinheim, Germany). MA and HDMA  
were obtained from Sigma-Aldrich Co. (St.Louis, MO, USA). 
For the cytotoxicity test, dimethylsulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and trypan blue were obtained from 
Sigma-Aldrich Co. (St.Louis, MO, USA). 
3.2.2. Cell culture 
Human Adult Dermal Fibroblast Cells (Zen-Bio,Inc, Chapel Hill, PO, USA) 
were maintained in 25 or 75 cm2 culture flasks (Sarstedt) cultured in Dulbecco´s 
Modified Eagle´s medium supplemented with 3.15 g/L of D-glucose, 10% fetal 
bovine serum, and 1% penicillin-streptomycin solution. The cells were kept at 37°C, 
under an atmosphere containing 5% CO2, provided by a balanced-air incubator 
(Memmert) (Figure 3.1). The density of the cells was maintained between 
5×10
5
cells/mL and 1×10
6
cells/mL. At this density the doubling time of the cells was 
22-24h. The cells were routinely subcultured every 2 or 3 days (Figure 3.2). 
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Figure 3.1 - Balanced-air incubator where cells were incubated at 37°C, under an atmosphere 
containing 5% CO2. 
 
 
 
Figure 3.2 - Light microscopy (×100) of human adult dermal fibroblasts incubated at a) 24 h and b) 
48 h showing increase of cell confluency. 
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The cells were incubated until they were 90-100% confluent in each culture 
flask (Figure 3.3 a) and then trypsinized and replated into new culture flasks. In 
summary, upon confluence is achieved, the culture medium was aspirated and the 
cells were washed with versene solution (alcalinizated with sodium bicarbonate), in 
order to remove all traces of serum. Then, the solution was removed and the cells 
were detached from the flask bottom by treatment with 1mL/T25 or 3 mL/T75 of 1:5 
trypsin/versene mixture, since trypsin is a protease that hydrolyses the inter cellular 
adhesion enzymes. The cells were left to trypsinize for 5 minutes at 37ºC. After, the 
trypsin was neutralized using 2 mL/T25 or 6 mL/T75 of DMEM. The flask was 
checked under a microscope (Motic AE 2000) to ensure all cells were free of the 
flask bottom (Figure 3.3 b). 
 
 
Figure 3.3 - Light microscopy (×100) of human adult dermal fibroblasts in a) 90% of confluency; b) 
after trypsinization 
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The cellular suspension was centrifuged under 280×g at 20ºC for 5 min. The 
supernatant was aspirated and the cell pellet resuspended in a volume of DMEM 
appropriate for cell counting. The cells were counted on a microscope (Motic AE 
2000) using a cell counter, hemacytometer or Neubauer camera (Brand) (Figure 3.4 
a), adding tryptan blue solution 0.4% that stains dead cells. When viability was 
higher than 95%, a number of approximately 1×104cells per cm2 was placed in a 
new culture flask, in the format adequate to the number of cells (Figure 3.4 b). 
 
Figure 3.4 - a) Neubauer camera used to count the cells in a microscope b) Light microscopy (×100) 
of human adult dermal fibroblasts disposed for counting with the help of tryptan blue solution 0.4%. 
Dead cells are seen totally blue and viable cells are white. 
 
All media, supplements and tissue culture used in this protocol were sterile. 
Managing passages, trypsinization and preparation of medium or other chemicals 
was performed in a laminar flow cabinet. 
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3.2.3. Preparation of the test specimens 
The three auto-polymerized materials included in this study are presented in 
Table 3.1. They are two examples of direct reline resins, Kooliner (GC America Inc, 
Alsip, Illinois, USA) and  Ufi Gel Hard (Voco GmbH, Cuxhaven, Germany), 
composed of pre-polymerized PEMA powder particles and the monomers IBMA or 
HDMA, respectively, in the liquid form (Arima et al. 1995,1996). One indirect reline 
resin - Probase Cold (Ivoclar Vivadent AG, Liechtenstein) represents a PMMA based 
material which has MMA as the monomer.  
 
Table 3.1 – Materials under evaluation in the study. 
Product Manufacturer Batchnumber 
P/L ratio 
(g/ml) 
Composition CuringCycle 
Kooliner (K) GC AmericaInc., Alsip, Illinois, 
USA 
1007201(P) 
1008101(L) 
1.4/1 P: PEMA 
L: IBMA 
10 min 
Ufi Gel Hard (U) VocoGmbH, Cuxhaven, 
Germany 
0918202(P)  
0916221(L) 
1.77/1 P: PEMA 
L: HDMA 
7 min 
Probase Cold 
(PC) 
Ivoclar Vivadent AG, 
Liechtenstein 
L49853(P) 
L43809(L) 
1.5/1 P: PMMA 
L: MMA   
15 min 
 40ºC, 2-4 bar 
P-powder; L-liquid; PEMA, poly(ethylmethacrylate); PMMA, polymethylmethacrylate; IBMA, isobutylmethacrylate; 
HDMA, 1,6-hexanedioldimethacrylate; MMA, methylmethacrylate 
 
Disk-shaped specimens of each material (n=6) were prepared from three 
separate mixtures in stainless steel molds, with an average diameter of 50±0.1 mm 
and an average thickness of 2±0.01 mm (Figure 2.2- Chapter 2). The total surface 
area of the specimens (19.64 cm
2
) represents a maxillary complete denture bearing 
area (Minagi et al. 1987) and follows the sample configuration recommended for 
biological evaluation of biomaterials (ISO 10993-12:2007).  
The mold was placed in the center of a glass plate covered by a polyester 
sheet. All materials were prepared according to the manufacturers’ recommendations 
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(Table 3.1) and the mixture was placed into the metal mold (Figure 2.2- Chapter 2). 
A new polyester sheet and glass plate was positioned on top of the mould and the set 
was maintained under compression, as recommended by ISO for evaluation of 
biocompatibility of medical devices used in dentistry (ISO 7405:2008). 
Direct reline resins set at 37±2ºC during the recommended polymerization 
time, in order to simulate the intra-oral polymerization of the material. 
Polymerization of indirect reline resins was carried out in a pressure device Ivomat 
(IvoclarVivadent, Lichenstein) at recommended time, temperature and pressure 
(Table 3.1). 
After polymerization, side irregularities were removed with a 2000-grit silicon 
carbide paper (ISO 7405:2008).  
 
3.2.4. Preparation of the test eluates 
Since specimens were performed in a non-sterile environment, 15 minutes 
sterilization by UV radiation in dry conditions and room temperature were applied, in 
order to kill any microorganisms that may had contaminated the specimens during 
fabrication (Sheridan et al. 1997, Jorge et al. 2004, Campanha et al. 2006, Jorge et al. 
2007). Specimens of each material (n=6) were individually placed in a 60 mm 
diameter sterilized Petri dish (Nun, InterMed) and randomly divided in two groups: 
experimental (AChE), immersed in 5 mL of serum-free DMEM with 5 U/mL of 
AChE and control, immersed only in 5 mL of serum-free culture DMEM. The 
volume of the medium was selected in order to cover all the surface of each specimen 
(ISO 10993-12:2007).  
Specimens were incubated for 72 h at 37ºC under constant agitation in a mini-
incubator (Labnet) to allow the soluble components to leach into the medium (ISO 
10993-1:2009) (Figure 3.5 a). Every 24 h, 5 U/mL of AChE was added to AChE 
specimens, in order to maintain the enzyme activity, and serum-free DMEM was 
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added to control specimens, both under sterile conditions in a laminar flow cabinet 
(Figures 3.5 b and 3.6). 
 
Figure 3.5 - a) Petri dishes with specimens under an agitation device, inside the mini-incubator at 
37ºC; b) Laminar flow cabinet that provided working in an sterile environment. 
 
Medium without specimens was also incubated as above to serve as the 
negative control. The protocol of the experimental group was repeated in an enzyme 
control procedure, with medium supplemented with AChE without specimens, to test 
the individually effect of the enzyme in cell viability. 
After 72 h, the medium conditioned by each experiment was collected and 
10% of fetal bovine serum was added. All specimens’ eluates were then diluted in 
fresh supplemented DMEM as follows: no dilution (100%), 3:4 dilution (75%) and 
1:2 dilution (50%), to check dose-dependent response of the cultured cells (Figure 
3.6). Accuracy is also measure since the 50 % extract of the test sample should have 
higher or at least the same cell viability than the 100 % extract; otherwise the test 
should be repeated (ISO 10993-5:2009). 
Insights on the Oral Biodegradation of Acrylic Reline Resins 
90 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 - Experimental protocol of the preparation of the reline resins eluates and their dilutions 
for further evaluation of cell viability. 
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3.2.5. Preparation of the test compounds solutions 
Residual monomers that are expected to be leach from the three acrylic reline 
resins (MMA, IBMA, HDMA) and the degradation by-product MA (Chapter 2) were 
tested for cytoxicity using standard pure compounds. Four concentrations of each 
compound were prepared in DMEM. The higher concentration used was based on the 
previous studies (Chapter 2) of release from acrylic reline resins exposed to AChE 
for 72 h (2000 µmol/L for MMA, 1400 µmol/L for IBMA, 800 µmol/L for HDMA 
and 7000 µmol/L for MA). Further three concentrations were studied, for each 
compound, based on dilutions in fresh supplemented DMED as follows: 1:2 dilution 
(50%), 1:4 dilution (25%) and 1:20 dilution (5%) to represent the range of 
concentrations achieved on the release studies.  
 
3.2.6. Cytotoxicity assay  
The biologic effect of eluates of acrylic reline resins was studied using the 
endpoint of cell viability, MTT reduction assay, which is a colorimetric measure of 
mitochondrial function, detecting only living cells. In this method, MTT (soluble 
yellow salt) is converted by the mitochondrial enzymes (mitochondrial reductase or 
succinic dehydrogenase) of viable cells into a blue purple insoluble formazan 
derivative that precipitates in the cytoplasm and can be measured in a UV 
spectophotometer at 595 nm (Figure 3.7). The absorbance is proportional to the 
number of viable cells (Mosmann 1983). 
Cells were inoculated into 96-well tissue culture plates (Sarstedt) at a density of 
approximately 3.2  10
3 
cells/well and incubated at 37°C under a 5% CO2 atmosphere 
to allow the cells to attach to the culture dish. After 24 h (correspondent to this cell 
type doubling period), the necessary subconfluent monolayer (approximately 80% 
confluency, i.e. the end of the logarithmic phase of growth of the cells) was verified 
using a microscope and the supernatant was then removed. Cells were then treated 
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for a further 24 h period with 200 µL per well of serial dilutions of the eluates and the 
test compounds solutions (n = 8) per combination (Figure 3.7). 
Enzyme, negative and positive controls were included in each assay.  As 
positive control, cells were cultured in medium containing 20% DMSO (ISO 7405: 
2008). Enzyme and negative controls were explained previously in the preparation of 
the eluates (Figure 3.7). 
After the 24 h-incubation, each plate was examine under a microscope to 
identify systematic cell seeding errors and undesirable growth characteristics of 
control and treated cells that can indicate experimental error, leading to the rejection 
of the assay. 
After this examination, the medium was carefully removed from each plate and 
the cells were washed with sterile PBS (37ºC, pH 7.4) to remove non-adherent cells 
and chemicals that can reduce MTT action and cause false negative results. Then, 
200 µL of MTT solution (0.5 mg/mL of MTT in culture medium) was added to each 
well. The cells were incubated for a further period of 2.5 h at 37ºC and then the MTT 
solution was discarded and cells were carefully washed with PBS (Figure 3.7). 
A soluble solvent, DMSO (200 L), was added to each well to dissolve the 
formazan crystals, each plate was shaken at room temperature and absorbance was 
read at a wavelength of 595 nm with a spectrophotometer (Anthos Zenyth 3100). The 
background absorbance was measured using a blank, analyzing 16 wells with 200 µL 
DMSO in a similar 96 well-plate, and subtracted to the further test measurements. 
A decrease in number of living cells results in a decrease in the metabolic 
activity in the sample. This decrease directly correlates to the amount of purple 
formazan formed as monitored by the optical density at 595 nm. 
Three independent experiments were performed and eight replicate cultures 
were used for each test solution and controls in each independent experiment. The 
mean and standard error of the mean absorbance for each test solution were 
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calculated from the triplicate samples. Results of MTT assay were expressed as 
percentage of viable cells yielded by the test solutions compared to negative controls.  
The reduction of viability compared to negative controls is calculated as 
follows: 
 
Where OD595e is the mean value of the measured optical density of the cells 
incubated to the experimental solution; OD595c is the mean value of the measured 
optical density of the negative controls. The lower the cell viability value, the higher 
the cytotoxic potential of the test item is.  
Cytotoxicity was also rated based on cell viability relative to controls in 
accordance with ISO-standard 10993-5:2009 as non-cytotoxic > 75% cell viability; 
slightly cytotoxic 50-75% cell viability; moderately cytotoxic 25-50% cell viability; 
and severely cytotoxic <25% cell viability (ISO 10993-5: 2009). 
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Figure 3.7 - Experimental protocol of the evaluation of cell viability of acrylic reline resins 
submitted to acethylcholinesterase through MTT assay. 
 
3.2.7. Statistical analysis 
The Kolmogorov-Smirnov test was used to assess the normality of cell 
viability variable. Since the test rejected the null hypothesis of normality of the 
distribution, non-parametric tests were used. Mann-Whitney tests were used to 
compare cell viability between control and experimental groups. To compare 
between materials, test compounds and dilutions, Kruskall-Wallis was used, followed 
by post testing Tukey multiple comparison. P values ≤ 0.05 were considered 
significant. All analyses were performed with the SPSS statistical package (version 
20, SPSS Inc. Chicago IL). 
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3.3. Results 
 
3.3.1. Cytotoxicity of the eluates 
When examining fibroblast viability incubated with culture medium with AChE 
and without exposure to material (enzyme control), differences were not found when 
compared with medium alone (negative control) (p<0.001) (Figure 3.8). 
Considering cells submitted to soluble products leached from control specimens 
(specimens incubated only in culture medium for 72 h) the following results were 
found (Figure 3.8): 1) No cytotoxicity was observed for Probase Cold specimens; 2) 
Kooliner and Ufi Gel Hard specimens showed reduction of viability compared with 
the 100% negative control group (p<0.001); 3) ~90% decrease in cell viabilibity for 
Kooliner specimens, 4) ~20% decrease in cell viabilibity for Ufigel Hard specimens 
and 5) differences between the three materials were statistically significant 
(p 0.001). 
Kooliner specimens, both control and experimental treated with AChE groups, 
proved to be severely cytotoxic for the fibroblast cells. Kooliner specimens submitted 
to treatment with AChE showed a slight increase of cell viability (18.3±9.0%) 
compared with the control specimens (6.9%±3.1%) (p 0.001). For Ufi Gel Hard 
specimens, the cell viability of the experimental group submitted to AChE 
(64.5%±4.7%) showed a reduction compared with the specimens incubated only in 
culture medium (74.34%±6.15%) (p 0.001) (Figure 3.8). 
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Figure 3.8 - Effect of acetylcholinesterase on the cytotoxicity of 3 reline resins expressed as 
percentage of viable fibroblast present after exposure compared with the negative control group set 
as 100%; * means significant differences between experimental and control groups. 
 
 
* 
* 
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Representative photos of cells after 24 h-exposure to the tested materials are 
shown in Figure 3.9. Negative control group reveals the primary fibroblasts culture as 
normal subconfluent fibroblasts monolayer and reflects a spindle-shaped nature. 
When cells were cultured with the solutions the cell number appeared to be lower 
than for the control situation. 
 
Figure 3.9 - Light microscopy (×100) of human dermal fibroblasts in direct contact with eluates of 
the following: a) medium alone (negative control); b) DMSO 20% (positive control); c) Kooliner 
control specimen; d) Kooliner experimental specimen (with AChE); e) Probase Cold control 
specimen; f) Ufi Gel Hard experimental specimen (with AChE) 
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As expected, a dose-dependent effect on cytotoxicity was observed for the 
different dilutions of Kooliner and Ufi Gel Hard eluates as shown in Figure 3.10. 
The 50% dilution of Ufigel Hard control eluates showed no cytoxicity to the 
fibroblasts. The same dilution of Kooliner control specimens eluates showed cell 
viability values of approximately 45% (Figure 3.10). 
 
 
Figure 3.10- Cytotoxicity of Kooliner (K) and Ufigel Hard (U) dilutions expressed as percentage of 
viable fibroblasts present after exposure compared with the negative control group set as 100%. 
 
3.3.2. Cytotoxicity of the IBMA, MMA, HDMA and MA compounds 
All evaluated compounds showed a dose-dependent decrease of the cell 
viability (Figure 3.11 and 3.12). 
Considering the maximum concentrations of the residual monomers, HDMA 
showed to be the most cytotoxic compound among the chemicals tested. The 
cytotoxicity decreased in the order of HDMA> MMA>IBMA for the human dermal 
fibroblasts (Figure 3.11). 
The monomer HDMA at a concentration of 800 µmol/L exerted a cytotoxic 
effect on human fibroblasts since the cell viability was under 20%. When cells were 
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incubated with 40 µmol/L of HDMA there was a significant increase  of cell viability 
(84.1±11.9%) (p<0.001) (Figure 3.12). 
When the cells were exposed to 100 µmol/L of MMA monomer, the cell 
viability (81.02±12.11%) was significantly higher than that observed for the cells 
incubated with 2000 µmol/L (65.8±10.6%), showing just approximately a 15% 
reduction between the maximum and the minimum concentrations tested (p<0.001) 
(Figure 3.11). 
The incubation with IBMA showed a significant difference in viability 
between cells exposed to 70 µmol/L (96.6±7.4%) and 1400 µmol/L (77.8±13.1%) of 
the compound. IBMA monomer showed approximately 20% of reduction in viability 
between the maximum and the minimum concentrations tested (Figure 3.11). 
 
Figure 3.11 - The effects of different concentrations of monomers MMA, IBMA and HDMA in 
comparison with negative controls on mitochondrial activity (MTT assay) of human fibroblasts. The 
mean and standard deviation of 3 independent experiences with 8 replicates each is shown. 
 
Considering the product MA, the highest concentration (7000 µmol/L) 
reduced the cell viability in 25% comparing to controls. The lower concentration 
(120 µmol/L) produced no toxic effect on the cell viability (Figure 3.11). 
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Figure 3.12 - The effects of different concentrations of degradation by-product MA in comparison 
with negative controls on mitochondrial activity (MTT assay) of human fibroblasts. The mean of 3 
independent experiences with 8 replicates each is shown. 
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 Representative photos of cells after exposure to the tested materials and 
further incubated with MTT are shown in Figure 3.13. Formazan crystals are formed 
only in the viable cells. 
 
Figure 3.13 - Light microscopy of human adult dermal fibroblasts treated with MTT for 2.5 h after 
being incubated with a) medium alone (negative control) × 100 magnification; b) medium alone 
(negative control) × 200 magnification; c) MA (7000 µmol/L) × 100 magnification; d) HDMA (800 
µmol/L) × 100 magnification. 
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3.4. Discussion 
 
Auto-polymerized reline resins have been shown to be an acceptable mode of 
treatment of unfitted acrylic dentures. Indirect resins are usually chosen, but direct 
reline resins have been growing in popularity since they avoid cost, time and logistics 
management with the laboratory proceedings (Haywood et al. 2003). Reline resins 
come in intimate contact with the oral environment and have showed to leach 
residual monomers and other substances to the medium (Urban et al. 2009). 
Leachability of compounds depends on the characteristics of the medium and 
mimetizing the saliva is important in what biological and toxicological aspects 
concerns.  
In the present study, the cytotoxicity of three reline resins eluates submitted to 
salivary esterase was assessed in human primary fibroblasts through MTT-based 
assay. 
Human fibroblasts were used because they were found to be more sensitive 
than epithelial cells (Caughman et al. 1990, Sheridan et al. 1997, Huang et al. 2002), 
in studies evaluating eluates. Since acrylic resins are in intimate contact with a large 
area of dry and fragile oral mucosa as it happens when xerostomia is present, 
fibroblasts may have an enhanced relevance since in these cases ulceration of 
epithelium frequently occurs after denture placement (Lefebvre and Schuster 1994, 
Lefebvre et al. 1994). Also, as the toxic components are diffusible in an aqueous 
environment, they may be capable of affecting tissue sites distant from the resin 
contact area. This may be a particular problem for patients having mucosa that is 
infected, inflamed, lacerated or fragile as a result of nutritional problems or 
concurrent medications. Thus, large areas of the oral mucosa may be exposed to these 
toxic components over an extended period of time (Lefebvre et al. 1994). 
In addition, fibroblasts are a typical model cell used in cytotoxicity assays 
because they present reproducible high growth activity (Huang et al. 2001 and 2002, 
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Chaves et al. 2012) and have well characterized cell system and biological responses. 
Also, they are easy maintained in typical laboratory conditions. 
MTT assay has been widely used to estimate the cytotoxicity of dental 
polymers. The spectrophotometric evaluation of the solubilized formazan dye is fast, 
objective, reliable and showed least variations than other tests like DNA or RNA 
synthesis assays, has less hands-on time and fewer steps than agar diffusion test and 
does not involve the incorporation of radioisotopes that demands expensive special 
equipment and the production of radioactive waste (Lefebvre and Schuster 1994, 
Jorge et al. 2007). Also, it does not need expensive equipment like the confocal laser 
scanning microscopy needed to cell morphology assay through the observation of F-
actin cytoskeleton organization (de Gomes et al. 2011). 
The main goal of this study was to evaluate the cytotoxic effect of acrylic 
reline resins eluates incubated with acetylcholinesterase on human primary 
fibroblasts. Direct comparison among materials was also performed in what cellular 
viability of control eluates concerns. In addition, the effect on cell viability of each 
residual monomer and one of the known enzyme degradation by-product was 
individually studied. 
Concerning the type of reline resins, we found that only direct reline resins 
(Kooliner and Ufi Gel Hard) eluates showed toxicity in primary human fibroblasts 
(Figure 3.8). On the contrary, a previous study on cytotoxicity of acrylic resins 
(Campanha et al. 2006) found that, through MTT assays, direct reline resins eluates 
did not show any toxic effects on L929 lung mouse fibroblasts cell line. These 
contradictory results could be explained by the distinct type of cells used in the 
studies. Huang et al. (2001) demonstrated that specific cell types react differently to 
the same dental materials. Most tests are done in transformed L929 mouse cells 
(Cimpan et al. 2000 a and b, Jorge et al. 2004, Campanha et al. 2006, Jorge et al. 
2007) as the model of cell response, but normal diploid cells, present in the primary 
cultures, can respond differently to cytotoxic challenge. Several authors showed that 
primary cells have greater sensitivity than transformed lines when testing various 
biomaterials used in dentistry (Feigal et al. 1985, Huang et al. 2001). Primary 
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cultures have a more normal phenotype and they correlate to in vivo response more 
accurately, so they can be considered to be more appropriate cells for toxicity testing 
materials for human use. Human primary dermal fibroblasts were recently used to 
compare cytotoxicity of three current direct pulp-capping agents through MTT-based 
assay and were proposed as good candidates for normative in vitro evaluation of 
biocompatibility of dental materials (Hirschman et al 2012). 
Earlier studies found that autopolymerized resin eluates yielded high 
percentages of apoptosis and necrosis, resulted from considerably more material 
leachable to the medium than heat polymerized ones (Cimpan et al. 2000 a and b, 
Jorge et al. 2003). Other studies refute the higher cytotoxic effect of autopolymerized 
resins compared to heat-polymrized resins through assays based on RNA synthesis 
(Lefebvre et al. 1995), DNA synthesis (Jorge et al. 2009), cell lipid and protein 
synthesis (Schuster et al. 1995) and cell viability (Sheridan et al. 1997, Huang et al. 
2001, Ata and Yavuzyilmaz 2009). These results are usually explained by a higher 
percentage of residual monomer MMA of auto-polymerizing materials comparing to 
heat-activated ones, detected in in vitro (Tsuchiya et al. 1994, Vallittu et al. 1998) 
and in vivo (Baker et al. 1988) studies. Even between auto-polymerized resins, 
different brands showed significant differences in cytotoxic results (Cimpan et al. 
2000 a, Chaves et al. 2012), fact that can be explained by differences in quantity and 
quality of other potentially toxic compounds (Koda et al. 1989 and 1990) that may be 
leached from the resins as cross linking agents, plasticizers like 
ethylenoglycoldimethacrylate (EGDMA) or tetramethylene dimethacrylate 
(TMDMA) (Vallittu et al. 1998), initiator benzoyl peroxide, pigments, degradation 
by-products like MA and newly formed formaldehyde (Ruyter 1980). 
Besides several previous studies showed that indirect auto-polymerized eluates 
were cytotoxic to fibroblasts (Tsuchiya et al. 1994, Lefebvre et al. 1995, Schuster et 
al. 1995, Sheridan et al. 1997, Cimpan et al. 2000 a), the present study did not found 
cytotoxicity on eluates of Probase Cold, an indirect auto-polymerized resin (Figure 
3.8). These can be explained by the recommended pressure and temperature 
treatment during the polymerization that the indirect reline resin used in our study- 
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Probase Cold- suffered (Table 3.1), in opposition of polymerization at room 
temperature, advised by the manufacturers of auto-polymerizing resins used in 
previous studies (Cimpan et al. 2000 a, Huang et al. 2001). Immersion on hot water 
can promote further polymerization and release of residual components potentially 
toxic to cells, prior of the incubation of the specimens with culture medium. Jorge et 
al. (2004) also found no cytotoxicity of denture base resins on fibroblasts. In this 
case, sample preparation included samples to be stored 48 h at 37ºC in distilled 
water, which also can promote the leachability of potential toxic compounds (Jorge et 
al. 2004). 
Biological effects of the residual monomers (Lefebvre et al. 1994, Lai et al. 
2004, Chaves et al. 2010) and other compounds like plasticizers and degradation by-
products (Chaves et al. 2010) were extensively tested through cytotoxicity assays in 
different cell lines, showing differences related to the concentration and chemistry of 
the compounds. Previous findings also suggest that more severe tissue reactions may 
occur at higher concentrations of the monomers, showing that cytoxicity of resins is 
dose-dependent (Campanha et al. 2006, Chaves et al. 2010). In the present study, 
Kooliner showed a higher cytotoxic effect than Ufi Gel Hard in control settings 
(Figure 3.7). The fact that Kooliner showed a higher percentage of residual monomer 
content than Ufi Gel Hard (Urban et al. 2007) could explain this difference. In 
addition, Urban et al. (2009) studied the leachability of these hard chairside reline 
resins on artificial saliva and also found a higher release of RM from Kooliner 
specimens (Urban et al. 2009). Kedjarune et al. (1999) found that the more monomer 
added to the mixture the greater the amount of RM and therefore the more potential 
for cytotoxicity. As showed in table 3.1 Kooliner has a lower proportional of polymer 
versus monomer which can explain the more cytotoxic effect.  
The main aim of this work was to evaluate the cytotoxicity of the acrylic reline 
resins eluates submitted to acethylcholinesterase.  
Since the study of biological and toxicological effects of these kinds of dental 
materials depends on cell exposition to components released from the resins into 
saliva, the best mimetization of this medium is crucial. The quantity and type of 
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leachable compounds of acrylic resins depends on the medium composition 
(Ferracane 1990). In addition, leachable compounds can be transformed by chemical 
bond scission due to hydrolytic and/or oxidative reactions  in an aqueous 
environment but it is recognized that additional biological factors, such as enzymes, 
other proteins and cellular activity, can alter the rate and nature of degradation, 
creating unidentified potential toxic substances. 
All previous studies address cytotoxicity of acrylic resins through extracted 
eluates when specimens were incubated only in culture medium. Just one study 
reflected on the influence of the great range of physicochemical conditions present in 
the saliva on the elution of potentially toxic substances from acrylic resins (Lefebvre 
et al. 1995). The authors found that the cytotoxicity of oral epithelial cells was 
affected by pH changes. It can be speculated that these results can be explained by an 
alteration of leachability from denture base resins by the environmental pH, 
previously studied (Koda et al. 1990). 
Acetylcholinesterase is present in the oral cavity and can catalyse the 
hydrolysis of esters compounds such as the leachable monomers of reline resins 
(Chapter 2). Degradation products of salivary enzymes were already extensively 
studied, mostly in composite resins, composed by dimethylmethacrylates. In our 
study, a salivary enzyme was added to the medium in order to study the degradation 
process caused by an enzyme and its effects on cytotoxicity. Nevertheless, in the 
scope of our knowledge, data pertaining the effect of salivary enzymes on any type of 
dental polymer eluates in what concerns to the local cytotoxic response does not 
exist.  
In the present study, incubation with acethylcholinesterase changed the 
cytotoxic response of eluates from direct reline resins. The enzyme did not change 
the non-cytotoxic effect of the indirect reline resin Probase Cold (Figure 3.7). AChE 
experimental specimens of Kooliner showed a slighty increase of cell viability 
compared to control specimens, still showing a severly cytotoxic effect. On the 
contrary, incubation of Ufi Gel Hard specimens with acethylcholinesterase revealed a 
slighty decrease of cell viability, maintaining the slightly cytotoxic effect. 
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Besides concentration, the chemistry of the compounds is an important 
characteristic that determines their cytotoxicity degree. Unlike studies on cytotoxicity 
of acrylic resins eluates, studies that determine the cytotoxic effects of pure 
compounds that can leach from these resins are scarse. Eluates studies provide 
important and realistic data regarding the toxicity of different formulae of reline 
resins although it does not identify the role of each specific substance released.  
Previous studies found that HDMA is an extremely cytotoxic monomer, due to 
its high lipophilicity, promoting a strong interaction with cell membranes with 
consequent suppression of cell growth and proliferation (Chaves et al. 2010) and 
induction of apoptosis (Schuster et al. 1995, Yoshii 1997). IBMA monomer also 
exhibited highly cytotoxic effect on L929 cells (Campanha et al. 2010). 
In previous studies, pure compounds at concentrations measured in eluates 
extracted from Kooliner and Ufi Gel Hard specimens (Urban et al. 2009) were 
proved to be cytotoxic to L929 fibroblasts, using MTT and DNA synthesis assay 
(Chaves et al. 2010). Nevertheless, in an earlier study, when eluates of these 
materials where exposed to the same type of cells, no cytotoxicity was found 
(Campanha et al. 2006). On the contrary, in our study, eluates of these materials 
showed cytotoxic effects when exposed to human primary fibroblasts (Figure 3.8). 
This can be explained by greater sensitivity of primary cells used in our study and 
absence of ultrasonic cleaning in distilled water for 20 minutes used in the Campanha 
et al. (2006) study.  
In the present study, Ufi Gel Hard eluates suppressed around 20% cell 
viability. In spite of severely cytotoxicity potential of HDMA, defended by Chaves et 
al. (2010) and also proved in our study (Figure 3.11), the low levels of RM content of 
this resin promoted only slightly cytotoxic effects of its eluates (Figure 3.8). Also, 
insolubility of HDMA in an aqueous environment may aid in minimizing diffusion 
through the culture medium to the cells. 
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 On the contrary, the highly toxic effect of Kooliner eluates (Figure 3.8) could 
not be explained only by a higher percentage of residual IBMA content of the 
specimens.  
Besides residual monomers, a polymeric device can contain other residuals 
and leachables such as oligomers, solvents, catalysts, additives, fillers and processing 
aids that are different between the materials. These components which, if present, can 
interfere with the identification and quantification of the residual monomers need to 
be considered and accounted for. The toxicity of a material can only be study when 
all the eluate is exposed to the cells since new toxic products that arise upon 
polymerization and by products formed in the complex interaction with the medium 
are frequently not able to be quantified and can have a major activity on cells. In 
addition, potential synergetic effects of the leachable chemicals should also be 
considered. 
Furthermore, peroxidation of cellular lipids by benzoyl peroxide (BPO) 
commonly used as polymerization initiator in denture resins, may contribute to the 
toxicity of the materials. It has been demonstrated that free radicals resulting from the 
decomposition of BPO during polymerization are released and that this is a long-
lasting event. Free radicals have a high reactivity with all biological molecules and 
produce injurious processes to cells and tissues namely peroxidation of cellular 
lipids. These findings might explain the cytotoxic potential of the Kooliner eluates 
tested in our study. 
The slightly increase of cell viability of experimental Kooliner specimens 
(submitted to the enzyme) can be explained by a reduction of highly cytotoxic IBMA 
concentration by enzymatic degradation reaction. In the previous chapter, MA was 
found to be a product of this reaction and potential toxic by-product could increase 
eluates cytotoxicity. Nevertheless, the lower cytotoxic potential of MA comparing to 
IBMA was proved before (Chaves et al. 2010) and this difference was also showed in 
our study (Figure 3.12). In addition, MA proved to be a very unstable compound in 
aqueous solutions (Baker et al. 1988). 
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On the contrary, the slightly increase of cell viability of AChE experimental 
Ufi Gel Hard specimens could not be related to the enzymatic reaction since in the 
previous chapter, this material was found to be resistant to AChE. Since HDMA is 
such an insoluble compound, differences between control and experimental groups 
can be caused only by casual variations of data.  
In the present study, results of the dilutions of eluates and test compounds 
showed an increase of cell viability in a dose dependent manner (Figure 3.10, 3.11 
and 3.12). Also demonstrated the accuracy of the assays, since 50% dilutions showed 
greater values of cell viability than maximum concentration ones (ISO 10993-
5:2009) 
The clinical significance of the present research is to reinforce the fact that 
patients should be protected from contact with direct reline resins. If the contact 
cannot be avoided, it is suggested that the patient rinse his or her mouth to decreases 
the residual toxic agents. 
It is important to emphasize that the results of cytotoxicity tests present 
limitations with regard to their applicability to clinical situations. Findings for either 
in vitro tests or those performed in vivo cannot be extrapolated to the clinical setting. 
Nevertheless, such tests are important because vital information with respect to the 
biological behavior of dental materials and their components can be obtained. Further 
studies are necessary to identify all the individual toxic components of the acrylic 
reline resins that leach into saliva but above all the products of the degradation 
process. 
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3.5. Conclusions 
 
Within the limitations of the present study it is concluded that: 
 The indirect reline resin Probase Cold demonstrated no cytotoxicity effect to 
human fibroblasts. 
 Both direct reline resins revealed cytotoxicity to human fibroblasts: Kooliner 
specimens showed to be severly cytotoxic and Ufi Gel Hard specimens 
slightly cytotoxic. 
 Incubation with acetylcholinesterase did not change the non-cytotoxic effect 
of Probase Cold. Incubation with AChE caused slightly changes on cell 
viability of both direct reline resins (Kooliner and Ufi Gel Hard), without 
altering their potential of cytotoxicity. 
 Besides the toxicity postulated to residual toxic products from an incomplete 
setting reaction, new toxic products that are dependent on medium 
composition could be responsible for the cytotoxicity of acrylic reline resins 
eluates. 
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4. Ethanol Solutions as Post-Polymerization Treatment of 
Acrylic Reline Resins 
 
4.1. Introduction 
 
Hard chairside reline resins are acrylic based prosthetic biomaterials used 
to restore temporary, or even permanently, the fit of removable dentures when 
there is a change of the underlying oral tissues. They are bonded to the fitting 
surface of dentures re-establishing their support, stability and retention 
(Haywood et al. 2003). These resins can be auto-polymerized, are easy to 
manipulate and gained popularity as they cure directly in the oral cavity, 
avoiding the additional time of expendable laboratory procedures (Haywood et 
al. 2003).  
During the free radical polymerization reaction, the monomer-polymer 
conversion is never complete (Rawls 2003), resulting in the presence of carbon-
carbon double (C=C) bonds of the unpolymerized monomers in the polymer. The 
residual monomers (RM) can be trapped on the polymer matrix, affecting the 
mechanical properties of the material (Rawls 2003) or can be diffused into the 
surrounding medium, causing undesirable biological reactions (Tsuchiya et al. 
1994, Kedjarune et al. 1999, Bettencourt et al. 2010).  
The curing process of this kind of auto-polymerizing resins is achieved in 
direct contact with the oral mucosa, leading to high levels of RM content 
(Vallittu and Alakujala 1995, Urban et al. 2007). As the RM content is often 
associated with the quantity of RM leached to the surrounding media (Baker et 
al. 1988, Koda et al. 1990, Tsuchiya et al. 1994, Vallittu and Alakujala 1995, 
Kedjarune et al. 1999, Bettencourt et al. 2010) the possible high RM elution, 
initiated during the curing of the material, led to an increasing concern of the 
scientific community about the toxicological consequences related to the use of 
these resins (Cimpan et al. 2000 a, Chaves et al. 2010). The search for effective 
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methods of post-polymerization treatments that decrease the RM content became 
relevant (Araújo et al. 2002, Campanha et al. 2006, Urban et al. 2007, 2009 and 
2010). 
In recent years, different post-polymerization treatments have been 
proposed to reduce the oral exposure to the RM and the degradation products of 
reline acrylic resins, including: immersion in hot water (Araújo et al. 2002, 
Campanha et al. 2006, Urban et al. 2007, 2009 and 2010) and microwave 
irradiation (Araújo et al. 2002, Campanha et al. 2006, Urban et al. 2007 and 
2010). The proposed treatments improve the degree of conversion of these resins 
(Urban et al. 2009 and 2010), reduce their RM content (Araújo et al. 2002, Urban 
et al. 2007 and 2009) and decrease the leachability of residual compounds to the 
media (Tsuchiya et al. 1994, Urban et al. 2009), thus minimizing their cytoxicity 
(Tsuchiya et al. 1994, Campanha et al. 2006, Chaves et al. 2010) and improving 
their physical properties (Gonçalves et al. 2006, Urban et al. 2007 and 2009).  
In the mentioned studies, water was used as the immersion medium for the 
post-polymerization studies. Generally, apart from water, ethanol solutions have 
been used in order to increase and accelerate compounds solubility, indicating 
the importance of this organic solvent in leaching processes (Ferracane and 
Condon 1990, Geursten 1998, Kawahara et al. 2004, Boeckler et al. 2008, 
Polydorou et al. 2009, Bettencourt et al. 2010). Bettencourt et al. (2002) showed 
that ethanol increases the RM leaching from the polymer matrix of acrylic bone 
cements used in joint arthroplasty. Other studies found that storage in ethanol 
promoted a reduction of the residual compounds content on acrylic polymers 
used in dentistry: denture base resins (Boeckler et al. 2008) and temporary 
restorative resins (Kawahara et al. 2004). Ethanol molecules penetrate the 
material matrix and expand the space between polymer chains into which 
insoluble substances may diffuse (Polydorou et al. 2009). Ethanol also 
accelerates water sorption to the polymer matrix, promoting the RM diffusion 
from the polymer (Fujii et al. 2002). These facts led the authors to consider 
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ethanol-water solutions as a possible practical vehicle of removing RM from hard 
chair-side reline resins.  
Since water bath post-polymerization treatments are dependent on 
temperature (Araújo et al. 2002, Campanha et al. 2006, Urban et al. 2007 and 
2009), our experiments also enclosed the possible benefits of ethanol solutions 
and temperature interaction. In fact, temperature is known to promote an 
additional polymerization of the resins and to increase the diffusion coefficient of 
the RM (Araújo et al. 2002, Urban et al. 2007 and 2010). 
The main aim of this work was to evaluate the effect of ethanol solutions 
as post-polymerization treatment on the residual monomer content of two distinct 
hard chairside reline resins, through high performance liquid chromatographic 
(HPLC) assays.  
Ethanol can cause degradation of acrylic resins through plasticizing 
(Bettencourt et al. 2002, Kawahara et al. 2004, Polydorou et al. 2009) and 
depolymerization processes (Bettencourt et al. 2002, Kawahara et al. 2004). In 
the present study, the plasticizing effect that could lead to the deterioration of the 
mechanical properties was determined by microhardness and flexural strength 
measurements. The depolymerization effect was assessed by degree of 
conversion measurements. 
The hypotheses tested were: (1) post-polymerization treatment based on 
ethanol solutions would reduce more RM content of reline resins than immersion 
in water (2) degree of conversion, flexural strength and microhardness of the 
reline resins were not negatively affected by the ethanol solutions. 
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4.2. Materials and Methods 
 
The materials evaluated in this study are presented in Table 4.1 and 
represent two known examples of auto-polymerizing hard chair-side reline 
resins, presented in the powder-liquid form. They are both composed of 
poly(ethylmethacrylate) polymer but have distinct monomers: Kooliner (GC 
America Inc, Alsip, Illinois, USA) has isobutylmethacrylate (IBMA) and Ufi Gel 
Hard (Voco GmbH, Cuxhaven, Germany) has 1,6-hexanodioldimethacrylate 
(HDMA) (Arima et al. 1995, 1996). 
 
Table 4.1- Materials under evaluation in the study. 
 
 
 
 
 
 
 
 
 
4.2.1. Determination of RM content 
Disk-shaped specimens of each material (n=60) were prepared from 
stainless steel molds, with a diameter of 50±0.1 mm and thickness of 3±0.01 mm, 
as ISO recommends (ISO 20795-1:2008). The mold was placed in the center of a 
glass plate cover by a polyester sheet. The materials were prepared according to 
 
Product Manufacturer Batch number 
P/L 
ratio 
(g/ml) 
Composition Curing Cycle 
      
Kooliner 
(K) 
GC America Inc., 
Alsip, Illinois, 
USA 
0701222(P); 0704052(P); 
0708151(P); 0610041(L); 
0705211(L). 
1.4/1 P: PEMA 
L: IBMA 
10 min 
Ufi Gel 
Hard (U) 
Voco GmbH, 
Cuxhaven, 
Germany 
0905422(P); 771715(P); 
0905421(L); 760494 (L). 
1.77/1 P: PEMA 
L: HDMA 
7 min 
P-powder; L-liquid; PEMA, poly(ethylmethacrylate); IBMA, isobutylmethacrylate; HDMA, 1,6-
hexanedioldimethacrylate 
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the manufacturers’ recommendations (Table 4.1) and the mixture was placed into 
the metal mould. A new glass plate was positioned on top of the mould and the 
set was maintained under compression at 37±2ºC during the recommended 
polymerization time (Table 4.1), in order to simulate the intra-oral 
polymerization of the material. After polymerization, grinding of the both sides 
of each specimen was done under running water with silicone carbide paper (3M, 
St. Paul, MN, USA) progressively finer in order to achieve a thickness of 2.0 ± 
0.1 mm and side irregularities were removed with a 500-grit silicon carbide 
paper, as described in ISO 20795-1:2008.  
Specimens of each material (n=60) were randomly divided into ten groups 
of 6 specimens each (Figure 4.1). Each specimen was exposed during 10 min to 
the post-polymerization treatment. Two groups were exposed to dry conditions: 
one at 23±2°C (control group) and the other at 55±2°C. All the other specimens 
were exposed in closed plastic flasks to water or one of the three ethanol/water 
solutions of 20, 50 and 70% (V/V) (Bettencourt et al. 2002) at 23±2°C (room 
temperature) or 55±2°C.  
 
 
 
 
 
 
 
 
Figure 4.1 – Experimental protocol of Kooliner and Ufi Gel Hard post-polymerization 
treatment for the determination of RM content. 
Reline resin specimens  
(n=60 K; n=60 U) 
K  
 
23±2°C  55±2°C 
Water Dry 
conditions 
(control) 
Ethanol 
20% 
Ethanol 
50% 
Ethanol 
70% 
Water Dry 
conditions 
Ethanol 
20% 
Ethanol 
50% 
Ethanol 
70% 
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After the post-polymerization treatments, all specimens were milled into 
small pieces in order to prepare three samples of each specimen. Each sample 
was individually weighted in an analytical balance, to achieve approximately 300 
mg, and introduced into one-mark 10 mL glass flask, to which was added 5 mL 
of acetone, the chosen extraction solvent (ISO 20795-1:2008). The sample 
solutions were magnetically stirred for 72 h. To precipitate the dissolved 
polymer, an aliquot of 2 mL of each of the previously prepared samples was 
transferred to another one-mark 10 mL volumetric flask, into which methanol 
was added for a total volume of 10 mL. The slurry was centrifuged at 10.000 rpm 
for 10 min. Three aliquots of 20 µL from each solution were taken from the 
supernatants and the monomers were quantified by high-performance liquid 
chromatography (HPLC). The HPLC (Shymadzu system LC-6A, Shymadzu 
Corporation) procedure employed a 5 µm column (Lichrospher 100 RP-18, 
Merck) and a mobile phase of acetonitrile:water (60:40), at a flow rate:1 mL/min 
and UV detection at 230 nm. Acetonitrile (Merck, HPLC grade) and deionized 
water from the Milli Qwater Purification System (Millipore) were used. Data 
acquisition was done with the Class LC10 software (Shimadzu Corporation, 
Kyoto, Japan). 
After optimizing the analytical conditions, linear calibration graphs were 
obtained using calibration solutions in acetonitrile:water (60:40) with IBMA and 
HDMA standards (both from Sigma-Aldrich Co.), in the range of 40-180 µg/mL 
and 40-180 µg/mL, respectively. The quantification methods were fully 
validated. The quantities of IBMA and HDMA in the analyzed samples were 
calculated on the basis of calibration graphs by taking the area under the 
chromatographic bands and expressed in micrograms per milliliter. 
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Total quantity of RM (µg) in 1g of each sample was calculated according 
to the equation 1: 
 (Equation 1) 
Where cRM is the concentration of the RM in the solutions analysed by HPLC and 
msample is the mass of the sample in micrograms (ISO 20795-1:2008). 
Statistical analysis consisted of a two-way analyze of variance (ANOVA) 
followed by Tukey multiple means comparisons (at a p<0.05 level). 
 
4.2.2. Mechanical tests 
The mechanical tests were carried out only on groups of specimens 
submitted to 55±2ºC, since they showed significant reduction of the RM content, 
and for that considered as effective post-polymerization treatments.  
Specimens were obtained in stainless steel molds (64 mm  10 mm  3.3 
mm), in standard conditions described in ISO 20795-1:2008 (Figure 4.2). After 
polymerization as described in 4.2.1, the specimens were removed from the 
molds and their sides were grounded with 500-grit silicon carbide paper to 
remove irregularities (Figure 4.3).  
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Figure 4.2 - Preparation of the specimens; a) Mixture of liquid and powder formulations is placed 
in the stainless steel mold; b) Mixture and mold between polyester sheets and glass plates. 
 
 
Figure 4.3 - Preparation of the specimens. After polymerization and removal of the specimens 
from the molds a) Irregularities were removed; b) Examples of polymerized Kooliner specimens. 
 
Specimens of each material (n=40) were then randomly divided in five 
groups of eight specimens. One group was left untreated (control group) while 
the other groups were submitted to the correspondent treatment at a temperature 
of 55±2°C for 10 min (water, 20%, 50% or 70% ethanol/water solutions) (Figure 
4.4 a). Before testing, all specimens were bench-cooled to room temperature and 
stored in water at 37±2ºC, for 48±2 h in an incubator (Memmert) as 
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recommended in ISO 20795-1:2008 (Figure 4.4 b). Each specimen was tested for 
both microhardness and flexural strength values. Microhardness of the specimens 
was tested prior to flexural strength since the load applied for fracture could 
create superficial tension forces that can be propagated and interfere with the 
microscopic measures of superficial microhardness. 
 
Figure 4.4 – a) Post-polymerization treatment of the specimens at 55ºC; b) Incubation of the 
specimens after the post-polymerization treatments in water 37±2ºC, for 48±2 h, prior the 
mechanical testing.  
 
4.2.2.1. Vickers microhardness test 
The microhardness of specimens was obtained using a Vickers diamond 
indentor attached to a microhardness indenter machine (Duramin, Struers DK 
2750 Ballerup, Denmark) (Figure 4.5 a) using a 25 gf (245 mN) load for 30 
seconds, as described elsewhere (Ribeiro et al. 2008). The operator of the test 
machine read the lengths of the diagonals immediately after each indentation, 
with a minimal period of time (as short as 10 seconds) between making and 
reading the indentations, therefore assuming that the viscoelastic recovery of the 
material was minimal (Figure 4.5 b). The equipment automatically converted 
these measurements to Vickers microhardness numbers (VHN) expressed in 
kg/mm
2
. Twelve indentations were made on each specimen.  
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Figure 4.5 – a) Vickers diamond indentor in a microhardness machine; b). Microscopic image 
of a Vickers indentation. 
 
4.2.2.2. Flexural strength test 
After microhardness testing, all specimens were submitted to flexural 
strength test in a servo-hydraulic universal machine (Instron Model 4502) using 
3-point loading (Figure 4.6). A crosshead speed of 5 mm per min was used and 
the distance between the supports was 50 mm, as described elsewhere (ISO 
20795:2008). The average of individual measures (width and thickness) of each 
specimen was introduced in the software just before testing.  
Load was applied until failure and the fracture load was recorded in 
newton (N). The flexural strength was expressed in megapascal (MPa) and 
calculated using the formula: FS=3WL/2bd
2
. Where FS is the flexural strength, W 
is the maximum load before fracture (N), L is the distance between the supports 
(50 mm), b is the width of the specimen (mm) and d is the thickness of the 
specimen (mm). 
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Figure 4.6 – One example of specimen submitted to 3 point-loading flexural strength test in a 
universal machine.  
 
Data of microhardness and flexural strength tests were analyzed by 
Kruskall-Wallis test and individual differences investigated by Tukey test (both 
at a p<0.05 level). 
 
4.2.3. Determination of degree of conversion 
In similarity with the mechanical testing, evaluation of the degree of 
conversion (DC) was carried out only on specimens immersed in solutions at 
55±2ºC, which showed an important reduction of RM content. Since testing for 
DC do not damage the specimens, each specimen was evaluated before and after 
being submitted to the post-polymerization treatment. The evaluation made 
before treatment was considered the control group of each treated group.  
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Specimens of each material (n=24), were made using stainless steel molds 
with a breakaway compartment (8mm × 10mm × 3 mm). Specimens were 
prepared under the same conditions as previously described for the other tests. 
After polymerization, the specimens of each material were randomly divided into 
four groups of six specimens according to the different post-polymerization 
treatments: 10 minutes of immersion in water, 20%, 50% or 70% ethanol/water 
solutions, at a temperature of 55±2°C. 
Fourier transform infrared spectrometry (FTIR) was used to determine the 
degree of carbon double (C=C) bond conversion. The infrared spectra (Figure 
4.7) were recorded with a FTIR spectrometer (Nicolet 5700, Thermo Electron 
Corporation, USA), with 128 scans at a resolution of 8 cm
-1
 in the 4000 to 400 
cm
-1 
range. 
The degree of conversion (%) of monomer-to-polymer was calculated by 
determining the proportion of the absorbance ratio of the C=C peak area from the 
methacrylate group at 1637 cm
-1
 to that of the unchanged C=O peak area from 
the ester group at 1720 cm
-1
 (used as reference peak of the baseline method) 
(Figure 4.7), before (monomer) and after polymerization, as described elsewhere 
(Rueggerberg 1994). By taking the ratio between the two values, the fraction of 
unreacted double bonds could be calculated according to the equation: 
                   (Equation 2) 
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Figure 4.7 – One example of spectra obtained by FTIR analysis of a Probase Cold 
specimen. 
 
Pre-treated and treated means of DC were compared and tested for 
significance using Wilcoxon´s signed rank sum test. All tests were performed at a 
confidence level of 95%. 
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4.3. Results 
 
4.3.1. RM content 
In both materials, the two-way ANOVA analysis of RM content data 
found significant interaction between temperature and concentration of ethanol 
(p<0.001). Specimens submitted to the higher temperature presented significantly 
lower values of RM content (p<0.001) (Table 4.2), except for groups submitted 
to dry conditions, where p=0.535 and p=0.747 for K and U, respectively.  
For material K, no differences were found between the experimental 
groups incubated at 23±2ºC (p>0.05). In material U, the control group had higher 
levels of RM than the experimental groups at 23±2ºC (p<0.05) (Table 4.2). 
In both materials, higher concentrations of ethanol led to lower levels of RM 
content when submitted to 55±2ºC (p<0.001), except for the 20% ethanol group 
of material K that had the same results than the water group (Table 4.2).  
 
Table 4.2 - Mean (× 10
4 
µg/g) and standard deviation of RM content of experimental groups 
from material Kooliner (n=6) and Ufi Gel Hard (n=6). 
Material Temp. Dry conditions 
Type of solution 
Water Ethanol 20% Ethanol 50% Ethanol 70% 
Kooliner 
(K) 
23±2ºC 2.77 (0.29)aA 2.51 (0.16)aA 2.56 (0.25)aA 2.57 (0.31)aA 2.46 (0.41)aA 
55±2ºC 2.67 (0.22)aA 2.04 (0.21)bB 1.88 (0.15)bB 1.59 (0.15)cB 0.80 (0.16)dB 
Ufi Gel 
Hard (U) 
23±2ºC 1.90 (0.15) aA 1.62 (0.26)bA 1.58 (0.11)bA 1.52 (0.23)bA 1.43 (0.11)bA 
55±2ºC 1.85 (0.32) aA 0.95 (0.05) bB 0.86 (0.04) cB 0.71 (0.13) dB 0.39 (0.05) eB 
Horizontally identical superscripted small letters denote no significant differences among groups (p>0.05);  
Vertically identical superscripted capital letters denote no significant differences among groups (p>0.05). 
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4.3.2. Microhardness 
All specimens of the 70% ethanol group from both materials presented  an 
irregular surface that prevented the determination of Vickers microhardness 
(Figure 4.8). 
 
Figure 4.8 - Microscopic images of Vickers indentations produced on specimens from the 
ethanol 70% groups submitted to 55±2ºC; a= K specimen, b= U specimen. 
 
Considering K specimens (Figure 4.9), significant differences in 
microhardness were found between groups (p<0.001). All of the experimental 
groups presented higher values of microhardness than the control group (p<0.05). 
The 20% and 50% ethanol groups showed significant higher values than water 
group (p<0.001) but no difference between themselves (p>0.05). For U 
specimens (Figure 4.9), no differences in microhardness were found significant 
between groups (p>0.05).  
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Figure 4.9 - Mean and SD of Vickers microhardness (VHN) of K and U experimental groups 
(n=8).; i.d.= impossible determination; Identical characters denote no significant differences 
among groups (p>0.05). 
 
4.3.3. Flexural Strength 
For K specimens (Figure 4.10), all experimental groups presented 
significant higher values of flexural strength than the control group (p<0.001). 
Comparing to water, the 70% ethanol group showed a significant reduction on 
flexural strength (p<0.001), the 50% ethanol group had no differences (p=0.484) 
and the 20% ethanol group had higher values (p=0.019).  
For U specimens (Figure 4.10), no differences were found in water and the 
20% ethanol groups when compared to the control group (p>0.05). Both the 50% 
and the 70% ethanol groups had significant lower values of flexural strength than 
the other groups (p<0.001). 
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Figure 4.10- Mean and SD of Flexural Strength (MPa) of K and U experimental groups (n=8). 
Identical characters denote no significant differences among groups (p>0.05). 
 
4.3.4. Degree of conversion 
No significant differences of degree of conversion were seen in material K 
before and after post-polymerization treatment in any experimental group. 
However, the post-polymerization treatments were found to increase the degree 
of conversion of material U (p<0.001) (Table 4.3).  
Table 4.3- Mean (%) and standard deviation of degree of conversion of experimental groups in 
each material, before and after treatment (n=6). 
 
 
 
 
 
 
 
 
 
 
 
 
Type of solution 
 
Kooliner   Ufi Gel Hard 
 
Before treatment 
  
After 
treatment 
  
Before treatment 
  
After 
treatment 
Water 
 
84.2 (2.8)
a
 
 
84.6(6.2)
a
 
 
56.4(2.6)
a
 
 
61.2(1.5)
b
 
Ethanol 20% 
 
81.7(2.2)
a
 
 
83.27(1.6)
a
 
 
57.3(2.4)
a
 
 
66.2(3.3)
b
 
Ethanol 50% 
 
78.6(2.7)
a
 
 
77.7(7.1)
a
 
 
52.5(7.6)
a
 
 
71.1(0.7)
b
 
Ethanol 70% 
 
78.8(2.8)
a
 
 
76.4(5.8)
a
 
 
58.6(1.4)
a
 
 
77.6(4.4)
b
 
Horizontally identical superscriped small letters denote no significant differences among groups (p>0.05). 
 
Insights on the Oral Biodegradation of Acrylic Reline Resins 
130 
4.4. Discussion 
Considering the material, resin K had higher quantities of residual IBMA 
compared with residual HDMA content of resin U (Table 4.2). These results are 
in accordance with previous studies (Urban et al. 2007 and 2009), who found K 
to be the material with the highest levels of RM, regardless of the experimental 
conditions. These findings can be explained by differences found in the resin 
matrix composition. The IBMA monomer is a monofunctional methacrylate 
monomer in opposition to the dimethacrylate monomer HDMA. Bifunctional 
monomers might improve the polymerization process by providing more reactive 
groups and extent of the polymerization reaction (Rawls 2003). Also, HDMA is a 
cross-linking agent that shows a large distance between the two methacrylate 
groups, which could increase the reactivity of the second methacrylate group 
resulting in a more complete polymerization and lower levels of RM (Arima et 
al. 1995).  
In the present study, the effect of ethanol solutions on the RM content of 
reline resins was studied at 23±2ºC and 55±2ºC. Experiments with ethanol 
solutions at 23±2ºC simulate room temperature and show the individual effect of 
the solvent on reducing the RM content of the resins. K specimens immersed on 
any solution at 23±2ºC did not reduce the RM content compared to the control 
(Table 4.2). The short immersion time (10 min) that was selected for our study 
can explain these results, since diffusion of monomers on solvents is time 
dependent and mostly happens after the first hour of immersion (Siderou et al. 
2004, Ferracane 2006). Other studies proved reduction of RM content of acrylic 
resins only after immersion on ethanol solutions for 24 h (Bettencourt et al. 2000 
and 2002, Regis et al. 2009). However, longer post-polymerization treatments on 
hard chairside reline resins would be extremely time consuming, since this 
procedure is done in the clinical appointment and patients need to wear the 
relined denture soon after polymerization (Haywood et al. 2003). 
On the contrary, immersion of U specimens on ethanol solutions at 
23±2ºC showed a significant reduction of RM content compared to control 
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(Table 4.2). Material U undergoes rapid polymerization reaction and solidifies 
quickly. It is likely that air voids were entrapped during mixing of the powder 
and liquid components, which resulted in a porous structure (Urban et al. 2007, 
2009 and 2010). This structure can increase the diffusion coefficient of water by 
having water molecules migrate into the vacancies between the polymeric chains 
and thus pushing them apart. This can permit more diffusion of the RM to the 
medium (Lamb et al. 1982 and 1983, Ferracane 1994).  
Experiments with ethanol solutions at 55±2ºC permitted to explore the 
synergetic effect of temperature and ethanol solutions on reducing the RM 
content. The selection of this specific temperature was to be able to compare with 
other studies that already proved reductions on RM content in reline resins after 
immersion on water at this same temperature (Urban et al. 2007 and 2009). High 
temperature is considered a crucial element on post-polymerization treatments of 
acrylic resins since it seems to be responsible for a further consumption of RM 
through polymerization, promoting a reduction of the RM content (Lamb et al. 
1983, Araújo et al. 2002). 
However, post-polymerization treatment based only in high temperature 
seems insufficient to promote the reduction of the RM, since, as other authors 
defended (Urban et al. 2007), when the temperature increased, no differences in 
the RM content on the dry state groups were found (Table 4.2).  
In the present study, when high temperature is associated to a solvent, 
reduction on the RM content occurred (Table 4.2), as it should be expected 
considering previous studies with water bath at 55ºC (Araújo et al. 2002, 
Campanha et al. 2006, Urban et al. 2007, 2009 and 2010). The processes of 
temperature and elution are found to be synergetic since high temperature allows 
that water sorption reaches saturation earlier. The RM content of the resins 
diminishes not only because it is consumed on a further polymerization process 
but also because a temperature-dependent diffusion of RM to the medium 
happens (Lamb et al. 1982 and 1983, Ferracane 1994, Araújo et al. 2002, Urban 
et al. 2007). 
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In our study, reduction of RM content on U specimens submitted to 
solutions at high temperature was more relevant than in those immersed on 
solutions at 23±2ºC since they showed a 50-60% reduction compared with the 
control, against the 20% reduction at 23±2ºC (Table 4.2).  
The chemistry of the solvent is also a key element in post-polymerization 
treatments as it influences the elution process of the RM (Ferracane and Condon 
1990, Ferracane 1994). We found that, for similar temperatures, ethanol solutions 
promoted a stronger reduction of the RM content in experimental resins when 
compared to water (Table 4.2).  
In previous studies, ethanol was already found to promote leaching of RM 
molecules from the polymer matrix of acrylic bone cements (Bettencourt et al. 
2000 and 2002), dental resin cements (Pedreira et al. 2009), dental resin 
composites (Polydorou et al. 2009), denture base resins (Boeckler et al. 2008) 
and temporary restorative resins (Kawahara et al. 2004) at room or body 
temperatures. Ethanol can increase the diffusion of water molecules towards the 
polymer matrix, thus accelerating the water sorption process and therefore 
enhancing the leaching of compounds (Bettencourt et al. 2000 and 2002, 
Kawahara et al. 2004, Boeckler et al. 2008, Pedreira et al. 2009, Polydorou et al. 
2009). 
The proximity of the Hildebrand solubility parameters of the compounds 
defines the increasing of the solubility of the monomers in the solvent (Barton 
1991). Pure ethanol has a Hildebrand solubility parameter of 26.0 MPa
1/2
 and 
when it is mixed with water approximates the solubility parameter of pure water 
(47.9 MPa
1/2
) to the solubility parameter of the monomers (around 16.0 MPa
1/2
), 
increasing their solubility (Barton 1991). This fact explains why a higher 
proportion of ethanol in the solution lead to a more significant reduction of RM 
content in our study, since solutions progressively approximates (20, 50 and 70% 
ethanol solutions) a pure ethanol solution (Table 2). Also, Bettencourt et al. 
(2000) found that the amount of RM released was linearly related to the 
concentration of the ethanol.  
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At this point we may conclude that the first hypothesis of our study was 
found to be partially accepted, since post-polymerization treatments based on 
ethanol solutions did reduce more RM content of reline resins specimens than 
water, in the groups submitted to 55±2ºC. 
Another important consideration is the impact that ethanol solutions may 
have on the physical properties of the resins due to a possible plasticizing 
(Bettencourt et al. 2002, Fuji et al. 2002, Kawahara et al. 2004, Mendonça et al. 
2006, Polydorou et al. 2009) and/or depolymerization effect on the polymer 
matrix (Bettencourt et al. 2002, Regis et al. 2009). In the present study, the 
plasticizing process of ethanol solutions was determined through microhardness 
and flexural strength measurements. A decrease on these measures reveals a 
negative effect of the solution on the properties of resins. 
Water immersion produces a plasticizing effect on resins through the 
process of water sorption and replacement of RM leached with water molecules 
(Ferracane 1994 and 2006, Pedreira et al. 2009). On the other hand, temperature 
compensates this plasticizing effect by increasing the rigidity of the material 
(Araújo et al. 2002, Urban et al. 2009 and 2010). In the present study, immersion 
in water at 55±2ºC of K specimens produced a significantly increase of their 
flexural strength and microhardness, compared with the controls (Figures 4.9 and 
4.10). This can be explained by a stronger effect of the temperature compared 
with the water plasticizing effect. Nevertheless, U specimens did not show any 
differences of microhardness and flexural strength after hot water bath, possibly 
explained by the more porous structure of U specimens, that promotes the 
migration of water molecules, weakening the polymer net and balancing the 
effect of temperature (Figures 4.9 and 4.10) (Bettencourt et al. 2002, Kawahara 
et al. 2004). 
Since ethanol accelerate water sorption and promote higher diffusion of 
RM to the medium, allowing their replacement with water molecules, the 
equilibrium could be neglected and the higher concentration of water molecules 
in the network could affect the inner properties of the resins. In the present study, 
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ethanol solutions at 20% and 50% did not produce a decrease in flexural strength 
and microhardness values comparing to control group, except for a reduction of 
flexural strength of U specimens promoted by 50% ethanol solution (Figures 4.9 
and 4.10). 
Immersion on 70% ethanol solution produced a highly porous surface that 
precluded the microscopic examination of the Vickers indentation in both 
materials (Figures 4.8 and 4.9). Flexural strength of U specimens was reduced, 
when compared to control, since ethanol at a high percentage can penetrate the 
porous of the resin and enhance their size, promoting a macroscopically image of 
holes. This can reveal the plasticizing effect of aqueous structures.  
The depolymerization effect was determined by the comparison of the DC 
of specimens before and after the post-polymerization treatment. Identifying the 
area of C=C bands (typical of unbounded monomer) before treatment can give us 
the DC of the resin, through the application of the Equation 2. DC is higher when 
there are fewer unbounded monomers. After the post-polymerization treatment, 
the areas of these bands are measured in the same specimen and the difference 
between measurements is identified. Analyzing the formula, depolymerization 
can occur when a lower degree of conversion is observed in the resin after the 
post-polymerization treatment, suggesting an increase of the number of C=C 
bonds caused by the monomer release from the formed polymer to the resin 
matrix (Smith 1999). 
Degree of conversion of specimens before treatment was around 80% in K 
specimens and around 60% in U specimens (Table 4.3), in similarity with Urban 
et al. (2009) study. On the contrary, we did not found an increase of the degree of 
conversion observed when K specimens were submitted to water bath at 55±2ºC. 
A different method of analysis of the number of C=C bonds (Raman 
spectroscopy) and the use of a separate control group on their study could explain 
these differences. 
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In the present study, the DC after treatment with ethanol solutions did not 
show reduction from untreated specimens results in both materials (Table 4.3), 
indicating the inexistence of  a depolymerization effect. This is in agreement with 
Bettencourt et al (2000), who did not found a depolymerization effect of ethanol 
on polymerized acrylic cement.  
For the material U, higher levels of DC occur upon treatment and the 
difference was higher as the concentration of ethanol increased. This fact can be 
explained by a more effective leaching process caused by an increase of ethanol 
concentration in the solution, reducing the number of C=C bonds present in the 
matrix. 
At this point we may conclude that the second hypothesis of this study 
was also partially accepted since flexural strength and microhardness of both 
materials were negatively affected by the solutions with high percentage of 
ethanol. Degree of conversion was not negatively affected by any ethanol 
solution, in both materials. 
When determining the most effective post-polymerization treatment, the 
one that reduces the RM content more effectively should be chosen. However, in 
this choice, professionals must also consider if the mechanical properties of the 
resin are not negatively affected. 
Since a water bath at 55±2ºC has already proven to be an effective post-
polymerization treatment to reduce the RM content of materials K and U (Chaves 
et al. 2010), the ethanol treatment presently proposed should be even more 
effective on the reduction of the RM content. 
Specimens of both materials from the 50% and the 70% ethanol groups 
showed more reduction in RM monomer than water, 70% ethanol group being 
the more effective solution (Table 4.2). Nevertheless, this treatment produced 
internal weaknesses of the materials (Figures 4.8, 4.9 and 4.10). So, the 50% 
ethanol solution should be the treatment of choice for K resin, promoting a more 
effective reduction in RM content than water, while maintaining the degree of 
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conversion and the mechanical properties of the resin (Table 4.3, Figures 4.9 and 
4.10). 
For the material U, the 50% ethanol solution produced a reduction on the 
flexural strength of the resin (Table 4.2, Figure 4.10). In this matter, the 20% 
ethanol solution at 55±2ºC was found to reduce the RM content more effectively 
than water, without any degradation of the specimens, thus being the treatment of 
choice for the U resin.  
The clinical success of acrylic resins depends not only on the physical and 
chemical properties of the materials but also on their biological safety. Clinical 
manifestations of biological intolerance to acrylic resins usage have been 
reported, including chemical irritation, hyper sensibility, mucosal inflammation, 
vesiculation and ulceration, burning sensation and systemic allergic sensations 
(Tsuchiya et al. 1994, Weaver 1980). The unbound free monomers leached to the 
oral cavity have been held responsible for these adverse reactions. These 
compounds have a direct contact with tissues under the denture (Baker et al. 
1988) but they also are diffusible in an aqueous environment (Baker et al. 1988, 
Tsuchiya et al. 1994), being capable of affecting tissue sites distant from the resin 
contact area. In addition, long term release of leachable substances is generated 
by erosion and degradation of the material over time, as our study of Chapter 2 
showed (Baker et al. 1988, Bettencourt et al. 2010). Thus, large areas of the oral 
mucosa may be exposed to these toxic components over an extended period of 
time and for that reasons biocompatibility of acrylic resins is a subject of great 
concern. 
Resin monomers may be able to alter the functions of the cells of the oral 
cavity through mechanisms leading to cell death (Tsuchiya et al. 1994, Kedjarune 
et al. 1999, Cimpan et al. 2000 a and b, Jorge et al. 2007), genotoxicity and cell-
cycle delay (Schuster et al. 1995, Yang et al. 2003, Schweikl et al. 2006). Recent 
findings indicate that monomers can cause an increased oxidative stress and 
interfere with cellular homeostasis or tissue repair at concentrations well below 
those which cause acute cytotoxicity (Schweikl et al. 2006). 
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Previous findings also suggest that more severe tissue reactions may occur 
at higher concentrations of the monomers, showing that cytoxicity of resins is 
dose-dependent (Tsuchiya et al. 1994, Kedjarune et al. 1999, Cimpan et al. 2000 
b, Yang et al. 2003, Campanha et al. 2006, Chaves et al. 2010). For this reason, 
methods for reducing the RM content such as water bath post-polymerization 
treatment at 55ºC for 10 min (Urban et al. 2007 and 2009) were proposed and 
proved to reduce the resin´s cytotoxic potential (Campanha et al. 2006, Chaves et 
al. 2010). Nevertheless, the reduced concentrations of IBMA and HDMA 
achieved with those treatments were still found to be highly cytotoxic 
(Campanha et al. 2006, Chaves et al. 2010). In this matter, any different 
treatment that decreases more RM content will minimize the risk of adverse 
reactions and ensure a safer use of these resins. 
In our study, the treatment of choice for material K was the 50% ethanol 
solution at 55ºC. It decreased the RM content by 20% when compared to water 
bath post-polymerization treatment, using the same temperature. This decrease 
on RM content is relevant in what concerns the biological safety of this resin 
since IBMA is considered a highly cytotoxic monomer that produces a strong 
dose-dependent effect (Chaves et al. 2010) like our cytotoxicity study of Chapter 
3 also prove. For material U, the treatment of choice was the 20% ethanol 
solution at 55ºC. It decreased the RM content by 10% when compared with water 
bath treatment. In spite of a lower reduction than material K, reduction of 
monomer HDMA is considered of great importance, since this monomer is 
pointed as extremely cytotoxic (Chaves et al. 2010, Schweikl et al. 2006) and as 
we showed in Chapter 3. Toxicity of this monomer is probably related to its high 
lipophilicity, promoting a strong interaction with cell membranes with 
consequent cellular damage (Schuster et al. 1995, Yoshii 1997).  
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4.5. Conclusions 
 
Within the limitations of our experimental protocol, it can be established that: 
 A significant interaction between ethanol and temperature was found, 
since, at 55±2ºC, higher concentrations of ethanol lead to a progressive 
reduction of the RM content in both materials. 
 In Kooliner, immersion on 50% ethanol solution at 55±2ºC during 10 min 
was the most effective vehicle of removing RM from the resins before 
they enter into long contact with the oral cavity, not deteriorating their 
mechanical properties. 
  In Ufi Gel Hard, the most effective post-polymerization treatment on 
removing RM was the 20% ethanol solution at 55±2ºC, without 
compromising their mechanical properties. 
 
In addition, we considered that the proposed post-polymerization 
treatment is expeditious and easy to achieve with simple equipment in a dental 
office.  
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5. Concluding Remarks and Future Prospects 
 
5.1 Concluding remarks 
Degradation of dental polymers is a multidisciplinary field that underwent 
a remarkable surge in interest during the past three decades, driven by the flood 
of several data associating leachable compounds with the mechanisms of toxicity 
of resins, as well as with the pathological processes described in oral tissues. By 
catalyzing the hydrolysis of residual monomers, water content of saliva 
represents the first line of degradation of these materials, producing by-products 
that also were indicated as harmful for the oral tissues. Besides water, other 
biological agents such as enzymes present in the saliva can promote chemical 
cleavage reactions. It is possible to distinguish between the hydrolytic 
degradation and biodegradation and this was already been studied using 
composite resins, which have dimethacrylates in its matrix network.  
The biodegradation of composite resins cannot be totally extrapolated to 
acrylic resins, since in what enzymatic reactions concerns the chemistry and 
amount of the substrates are major factors in determining the extent of 
degradation and type of products formed. Monomers present in acrylic resins 
usually have shorter chain lengths and lower molecular weights, comparing to 
dimethacrylates of composite resins. In addition, the amount of material used in 
several composite restorations hardly equals the amount of material present on an 
acrylic denture, even if we consider only the material used to reline the denture. 
For these reasons, esterase-dependent biodegradation of acrylic resins studies 
were included in this work. Being in contact with the oral cavity for more than 30 
days, acrylic reline resins are considered permanent contact materials by ISO. 
For this reason, the present work attested the stability of the materials through 
accelerated aging procedures that reflected more than 30 days of usage. 
In the present work, the evaluated acrylic reline resins included were auto-
polymerized resins. These resins are usually preferably used in reline procedures, 
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since they are easy to manipulate, do not need specific equipment and therefore 
are costly interesting materials. Among auto-polymerized resins, we included 
examples of direct reline resins, since they cured directly on the oral cavity and, 
for this reason, should be the most aggressive materials to the oral environment. 
Also, their weak physical properties theoretically make them very susceptible to 
biodegradation. One example of indirect reline resin was also included because 
comparison between direct and indirect materials was never done before in 
biodegradation and biocompatibility terms. 
In order to test the biochemical stability of the acrylic reline resins, the 
role of acetylcholinesterase on the release profile of residual monomers and by-
product methacrylic acid (MA) of three acrylic reline resins (Probase Cold, 
Kooliner and Ufi Gel Hard) through time, was studied in this work. This study 
allowed the following conclusions: 
 Residual monomer IBMA is subject to hydrolysis catalyzed by AChE, in 
higher rate than residual monomer MMA. Monomer present in HDMA 
was found resistant to AChE. The extent of hydrolysis for methacrylates 
based monomers appeared to be dependent on this chemical. 
 Eluates of Probase Cold specimens showed hydrolysis of residual 
monomer MMA promoted by AChE, with the appearance of the by-
product MA. Enzyme activity was found to depend on the concentration 
of MMA in the medium, since incubation of the specimens after aging 
reveal no differences in the MMA and MA amount between both control 
and AChE experimental groups.  
 Comparison between Kooliner eluates reveal that AChE promoted the 
hydrolysis of IBMA monomer with or without pre-aging treatment of the 
specimens. 
 Ufi Gel Hard specimens revealed resistance to hydrolysis since the low 
levels of HDMA leached to medium did not decrease with time. By-
product MA was present in higher amounts in experimental specimens 
revealing AChE activity on unknown compounds. 
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 Identification of the residual monomers of each material and common by-
product MA were confirmed on the eluates by mass spectrometry. In Ufi 
Gel Hard control specimens, in addition to residual monomer HDMA, 
MMA was also identified by the mass spectrometry study. 
 Although the three resins exhibited the same biodegradation product 
(MA), there were significant differences in their product release profiles. 
This may be explained by the specific chemical structure of the resins 
components, that influences the hydrophobicity and solubility of the 
released compounds. Degree of conversion and cross-linking of the 
polymer network was also found important factors to the level of 
degradation products generated on acrylic reline resins.  
In spite this study does not completely simulate the complex environment 
of the oral cavity, it does effectively illustrate that the chemical stability of the 
three reline resins is not equivalent when these materials are exposed to the 
components of human saliva. 
Since enzymes present in the saliva can change the extent of degradation 
and type of products formed, the biocompatibility of the acrylic resins under 
biodegradation processes should be completely understood. In the scope of our 
knowledge, the role of enzymes in resins´ surrounding medium on cell viability 
was never been studied before and therefore a cytotoxicity study using acrylic 
reline resins was included in this work.  
The biological testing of acethylcholinesterase effect on acrylic reline 
resins permited the following conclusions:  
 The indirect reline resin Probase Cold demonstrated no cytotoxicity effect 
to human fibroblasts. 
 Both direct reline resins revealed cytotoxicity to human fibroblasts: 
Kooliner specimens showed to be severly cytotoxic and Ufi Gel Hard 
specimens slightly cytotoxic. 
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 Incubation with acetylcholinesterase did not change the non-cytotoxic 
effect of Probase Cold. Incubation with AChE caused slightly changes on 
cell viability of both direct reline resins (Kooliner and Ufi Gel Hard), 
without altering their potential of cytotoxicity. 
 Besides the toxicity postulated to residual toxic products from an 
incomplete setting reaction, other toxic products that are dependent on the 
medium composition could be responsible for the cytotoxicity of acrylic 
reline resins eluates. 
 
Undoubtedly, we showed that direct reline resins were susceptible to 
biodegradation, presenting a weak chemical stability. In addition, they were 
considered cytotoxic materials under the conditions we studied. Other 
disadvantages of this kind of resins have to be considered when a denture 
adaptation procedure is needed. Along with reported irritation of the tissues 
caused by residual monomer release and production of heat during setting, the 
incorporation of saliva increases the porosity of the material. As this porosity 
weakens the mechanical properties also allow a surface conformation that 
promotes bacteria plaque adhesion and difficulty in cleansing. Weak bond 
strengths to the denture base resin have also been reported, in different levels 
dependent on the mode of polymerization of the resins. All these reasons can 
lead us to conclude that direct reline resins are normally second choice materials. 
Nevertheless, their advantages of time, cost and logistics became very relevant in 
the oral rehabilitation of a growing geriatric and frail population. 
In spite of not being an isolate causing factor, the residual monomers 
leached into the medium were considered a very important toxic agent. For this 
reason, effective post-polymerization treatments based in ethanol and 
temperature were tested for the resins that were cytotoxic to fibroblasts in our 
work (Kooliner and Ufi Gel Hard). The objective of this treatment was to 
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decrease the amount of residual monomer content of the resins, not affecting 
their mechanical properties. The following conclusions were made: 
 A significant interaction between ethanol and temperature was found, 
since, at 55±2ºC, higher concentrations of ethanol lead to a progressive 
reduction of the RM content in both materials. 
 In Kooliner, immersion on 50% ethanol solution at 55±2ºC during 10 
minutes was the most effective vehicle of removing RM from the resins 
before they enter into long contact with the oral cavity, not deteriorating 
their mechanical properties. 
  In Ufi Gel Hard, the most effective post-polymerization treatment on 
removing RM was the 20% ethanol solution at 55±2ºC, without 
compromising their mechanical properties. 
 In addition, we considered that the proposed post-polymerization 
treatment is expeditious and easy to achieve with simple equipment in a 
dental office. 
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5.2. Future prospects  
Biodegradation of acrylic based resins under the oral environment has 
been so far uncompleted studied.  
A gap in the published literature exists regarding in vitro studies that allow 
a good knowledge of the biodegradation mechanisms and its consequences. 
Improvements in the experimental design should be done in order to better 
simulate the intraoral conditions. Using artificial saliva that include in its 
composition salivary enzymes and mucines and extending the studies in time will 
allow a more complete evaluation of the biodegradation process. Also, since 
reline resins are bonded to a heat-polymerized acrylic resin, studies should 
include this complex to understand the interaction of a prosthetic device with the 
medium. 
Some questions that need to be investigated include the type of enzymes 
that are involved in the in vivo process of acrylic resins degradation. Further 
studies should address a mixture of enzymes to approximate the experimental 
medium to human saliva, looking for a synergetic effect of the enzymes on the 
hydrolysis of the acrylic resins and theirs co-factors. 
Different individuals showed to have different esterase activity and 
therefore the biodegradation of acrylic resins probably reveals a very high inter 
individual variation. Also, a significant age-related decrease in enzyme catalytic 
activity promotes the intra individual variation of degradation profiles. Since the 
effect of enzymes on the production of degradation by-products is usually 
dependent on the amount of enzyme present, distinct levels of products generated 
and related tissue reactions should stimulate the investigations on this issue.  
More studies should be done on the chemistry of reactions with esterases, 
finding unknown by-products. Analytical techniques as gas 
chromatography/mass spectrometry (GC-MS) that provides means of identifying 
and quantifying more accurately the products of biodegradation at low 
concentrations should be more often used in the studies. 
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After aging procedures, it will be difficult to believe that more free 
monomer is released into the medium. It must be considered that the monomeric 
segments within the polymeric resin matrix are being cleaved, implying that the 
cured matrix is undergoing degradation. Surface analysis of the materials (with 
scanning electron microscopy (SEM), for example) should be conducted to 
investigate the effect of the incubation solutions on the surface morphology of 
the resins. Besides the resin chemistry, differences on physical presentation of 
the material can explain distinct interaction with the enzymes. If a material 
appears to have a bigger surface area, the enzymes can have higher capacity for a 
catalytic reaction. Future work should be in order to obtain more information on 
the nature and activity of bound enzymes on the surface of dental resins. Since 
the element that bonds the reline resin material to the denture has usually 
methacrylate-based monomers, the effect of esterases on this bonding should be 
also address. 
Basic research on the effect of biodegradation products on cells should 
proceed. The detailed mechanisms necessary to initiate apoptosis or necrosis by 
the materials remain to be elucidated. The mechanism of interaction of 
methylmethacrylate monomers with cell membranes remains unknown with 
respect to cytotoxicity and calcium release. Possible involvement of oxidative 
enzymes in cytotoxicity induced by methylmethacrylate remains to be studied. 
The clinical consequences of biodegradation are still poorly understood. 
Assessing what may be the extent of the biological effects as a result of the long-
term release of biodegradation products still requires extensive study. The gap 
that exists between the results published by research laboratories and clinical 
reports should be shortened. Further well-controlled clinical studies are necessary 
to improve the knowledge about materials biocompatibility in intra-oral 
conditions including their potential to cause chronic local adverse effects or/and 
systemic side effects over time. 
Evaluation of biodegradation aspects of acrylic based resins should be 
widened and considered not only as negative aspects regarding loss of 
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mechanical properties and adverse toxic effects but can also be explored towards 
a positive interaction with the oral environment. The incorporation of products 
like antioxidant molecules intending to enhance the biocompatibility of the 
materials can be explored. The use of acrylic based resins as drug delivery 
polymer systems could be an innovative new strategy for extending the use of 
these materials in the clinical dental practice. 
In the development of future materials it should be important to further 
consider strategies that could better mask the ester groups as the ester group is 
very sensitive to hydrolytic reaction. 
Since resin formulation of monomer components has a significant effect 
on the resin chemical stability, manufacturers should consider testing the 
biochemical stability as part of their routine product evaluation. Usually, the 
incorporation of dimethacrylates improves the mechanical performance of a 
resin, but this could also turn the polymer more susceptible to biodegradation. 
The potential effect of biodegradation on the mechanical stability of these resins 
and the possible effect of the degradation by-products on bacteria, cells and 
enzymes found in the immediate micro-environment seem to be providing an 
indication that some form of biochemical testing should be implemented. 
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Experimental data 
1.Calibration curves 
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10 84330.6 60 146193 60 381568.7 20 198948.4 
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10 79206.3 60 160125 60 347874.4 20 149173.8 
50 583483.2 100 248550.4 100 694028.8 40 352459 
50 639325.1 100 245030.8 100 664097.1 40 337967.5 
50 635709.3 100 190211.1 100 680943.1 40 339328.7 
50 399264 100 291706.5 100 610604.9 40 394976.7 
50 430002.6 100 312925.9 100 618003.8 40 417777.3 
50 420270.5 100 312366.9 100 622727.3 40 427453.5 
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100 802655.3 140 387097.7 140 813249.2 110 953076.4 
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2. Biodegradation study 
Material Condition Time Group [RM] µg/mL [MA] µg/mL [RM] µmol/L [MA] µmol/L 
PC Immediate 1 h C 35.4 0 354.41 0 
PC Immediate 1 h C 61.4 0 614.43 0 
PC Immediate 1 h C 25.1 0 251.4 0 
K Immediate 1 h C 13.8 0 97.17 0 
K Immediate 1 h C 1.6 0 11.21 0 
K Immediate 1 h C 19.6 0 137.88 0 
U Immediate 1 h C 0 2.6 0 30.7 
U Immediate 1 h C 0 4.1 0 48.03 
U Immediate 1 h C 0 0.8 0 9.23 
PC Immediate 1 h AChE 35.9 0 359.01 0 
PC Immediate 1 h AChE 16.1 0 160.56 0 
PC Immediate 1 h AChE 57.8 0 577.83 0 
K Immediate 1 h AChE 46.8 0 328.99 0 
K Immediate 1 h AChE 17.4 0 122.37 0 
K Immediate 1 h AChE 7.2 0 50.75 0 
U Immediate 1 h AChE 0 0.5 0 6.35 
U Immediate 1 h AChE 0 1.7 0 19.3 
U Immediate 1 h AChE 0 2.5 0 29.51 
PC Immediate 24 h C 379 132.9 3789.74 1544.63 
PC Immediate 24 h C 279.3 75.1 2793.26 872.93 
PC Immediate 24 h C 686.9 104.7 6869.14 1217.01 
K Immediate 24 h C 101.9 0 716.47 0 
K Immediate 24 h C 83 0 583.87 0 
K Immediate 24 h C 92.1 0 647.75 0 
U Immediate 24 h C 11 28.4 43.35 330.53 
U Immediate 24 h C 11.2 29.9 44.17 347.3 
U Immediate 24 h C 10.6 30.1 41.53 350.2 
PC Immediate 24 h AChE 428.9 76.2 4289.01 885.07 
PC Immediate 24 h AChE 323.1 126.5 3231.03 1469.44 
PC Immediate 24 h AChE 341.5 108.8 3415.12 1264.45 
K Immediate 24 h AChE 71.1 27.8 500.34 322.88 
K Immediate 24 h AChE 81.6 25.5 574 295.99 
K Immediate 24 h AChE 179.5 13.3 1262.43 154.06 
U Immediate 24 h AChE 10.9 29 42.91 337.17 
U Immediate 24 h AChE 11.4 31.5 44.71 366.25 
U Immediate 24 h AChE 11.8 33.2 46.55 385.9 
PC Immediate 48 h C 142.6 425.9 1426.25 4949.02 
PC Immediate 48 h C 635.4 162.7 6354.33 1890.76 
PC Immediate 48 h C 131.3 332.4 1312.91 3861.94 
K Immediate 48 h C 52.2 0 366.82 0 
K Immediate 48 h C 28.5 0 200.12 0 
K Immediate 48 h C 26 0 182.82 0 
U Immediate 48 h C 8.3 28.8 32.65 334.8 
U Immediate 48 h C 8.3 28.8 32.65 334.65 
U Immediate 48 h C 9.8 33.1 38.67 384.18 
PC Immediate 48 h AChE 303.2 354.8 3031.94 4122.86 
PC Immediate 48 h AChE 154.3 462.7 1542.52 5376.71 
PC Immediate 48 h AChE 153.7 489.4 1537.19 5686.62 
K Immediate 48 h AChE 100.1 26 704.06 301.65 
K Immediate 48 h AChE 52.7 58 370.51 674.18 
K Immediate 48 h AChE 33.8 63.6 238.01 739.51 
U Immediate 48 h AChE 9.6 36.2 37.91 420.22 
U Immediate 48 h AChE 10.1 33 39.75 383.3 
U Immediate 48 h AChE 10.6 38.5 41.81 447.66 
PC Immediate 72 h C 88.3 624.4 883.3 7254.93 
PC Immediate 72 h C 431.5 202.6 4314.79 2354.12 
PC Immediate 72 h C 52.4 510 523.9 5926.11 
K Immediate 72 h C 26.3 0 185.25 0 
K Immediate 72 h C 23.7 0 166.51 0 
K Immediate 72 h C 37.4 0 263.09 0 
U Immediate 72 h C 9.7 22.5 38.21 261.6 
U Immediate 72 h C 10.2 31.3 39.97 363.7 
U Immediate 72 h C 10.4 44 40.75 511.61 
PC Immediate 72 h AChE 146.6 600.6 1465.66 6979.32 
PC Immediate 72 h AChE 97.8 523.8 977.6 6086.75 
PC Immediate 72 h AChE 195.4 572.7 1953.73 6655.01 
K Immediate 72 h AChE 10.1 44.5 71.22 517.39 
K Immediate 72 h AChE 10.6 78.1 74.86 908.01 
K Immediate 72 h AChE 10.6 94.3 74.86 1095.26 
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Material Condition Time Group [RM] µg/mL [MA] µg/mL [RM] µmol/L [MA] µmol/L 
U Immediate 72 h AChE 9.6 42.1 37.84 489.4 
U Immediate 72 h AChE 10.7 42.2 42.15 490.07 
U Immediate 72 h AChE 11.4 48.3 44.83 561.69 
PC AE aging 1 h C 0 0 0 0 
PC AE aging 1 h C 0 0 0 0 
PC AE aging 1 h C 0 0 0 0 
K AE aging 1 h C 0 0 0 0 
K AE aging 1 h C 0 0 0 0 
K AE aging 1 h C 0 0 0 0 
U AE aging 1 h C 0 0.2 0 2.42 
U AE aging 1 h C 0 0.7 0 7.66 
U AE aging 1 h C 0 0.5 0 6.31 
PC AE aging 1 h AChE 0 0 0 0 
PC AE aging 1 h AChE 0 0 0 0 
PC AE aging 1 h AChE 0 0 0 0 
K AE aging 1 h AChE 0 0 0 0 
K AE aging 1 h AChE 0 0 0 0.23 
K AE aging 1 h AChE 0 0.8 0 9.62 
U AE aging 1 h AChE 0 0.1 0 0.71 
U AE aging 1 h AChE 0 0 0 0 
U AE aging 1 h AChE 0 0.3 0 3.88 
PC AE aging 24 h C 85.3 20.9 852.99 243.21 
PC AE aging 24 h C 45.1 21.4 451.5 248.76 
PC AE aging 24 h C 110.9 24.3 1109.32 282.64 
K AE aging 24 h C 18 0 126.74 0 
K AE aging 24 h C 40.4 0 284.18 0 
K AE aging 24 h C 28.1 0 197.78 0 
U AE aging 24 h C 0 2 0 22.86 
U AE aging 24 h C 24.7 2.9 97.04 33.21 
U AE aging 24 h C 9.4 2.8 36.94 32.3 
PC AE aging 24 h AChE 76 29.4 759.78 341.82 
PC AE aging 24 h AChE 79.7 21.1 797.29 244.72 
PC AE aging 24 h AChE 64.1 13.7 641.13 158.85 
K AE aging 24 h AChE 106.6 18.1 749.97 210.56 
K AE aging 24 h AChE 50.1 6.2 352.19 71.87 
K AE aging 24 h AChE 54.9 15.3 386.25 178.11 
U AE aging 24 h AChE 0 3.9 0 45.63 
U AE aging 24 h AChE 9.6 6.9 37.94 80.7 
U AE aging 24 h AChE 10 4.9 39.47 56.94 
PC AE aging 48 h C 73.1 28.2 731.41 327.87 
PC AE aging 48 h C 13.9 6.6 138.95 76.31 
PC AE aging 48 h C 35.9 19.1 358.88 221.96 
K AE aging 48 h C 50.1 0 352.22 0 
K AE aging 48 h C 29.5 0 207.32 0 
K AE aging 48 h C 50.9 0 358.12 0 
U AE aging 48 h C 9.7 0.9 38.1 10.59 
U AE aging 48 h C 9.6 1.2 37.89 13.71 
U AE aging 48 h C 9.9 1.3 38.79 15.12 
PC AE aging 48 h AChE 46.7 16.8 466.68 194.95 
PC AE aging 48 h AChE 40.7 20.1 406.57 233.57 
PC AE aging 48 h AChE 28.1 8.2 281.46 95.76 
K AE aging 48 h AChE 55.7 19.2 391.87 222.93 
K AE aging 48 h AChE 33.9 18.6 238.65 216.61 
K AE aging 48 h AChE 44 16.2 309.46 188.81 
U AE aging 48 h AChE 9.3 3.5 36.65 41.13 
U AE aging 48 h AChE 9.9 3.9 38.92 45.35 
U AE aging 48 h AChE 10.4 3.6 40.71 41.69 
PC AE aging 72 h C 46.7 19.6 466.56 227.63 
PC AE aging 72 h C 21.2 9.2 212.15 106.5 
PC AE aging 72 h C 39.7 19.2 396.74 223.43 
K AE aging 72 h C 16.3 0 114.61 0 
K AE aging 72 h C 15.5 0 108.65 0 
K AE aging 72 h C 15.4 0 108.5 0 
U AE aging 72 h C 10 0 39.23 0 
U AE aging 72 h C 9.3 1.1 36.67 12.56 
U AE aging 72 h C 9.8 0.7 38.65 8.59 
PC AE aging 72 h AChE 28.3 8.1 283.03 93.63 
PC AE aging 72 h AChE 28.4 11 284.09 128.16 
PC AE aging 72 h AChE 27.6 7.6 275.96 88.55 
K AE aging 72 h AChE 46.9 16.9 329.74 196.49 
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Material Condition Time Group [RM] µg/mL [MA] µg/mL [RM] µmol/L [MA] µmol/L 
K AE aging 72 h AChE 19.9 6.5 140.12 75.37 
K AE aging 72 h AChE 22.3 17.5 156.82 203.92 
U AE aging 72 h AChE 9.4 2.5 37.14 29.44 
U AE aging 72 h AChE 9.6 2.8 37.9 33.08 
U AE aging 72 h AChE 9.4 2.4 36.89 27.77 
PC TC aging 1 h C 0 1.4 0 15.78 
PC TC aging 1 h C 0 1.1 0 12.87 
PC TC aging 1 h C 0 0.1 0 1.07 
K TC aging 1 h C 0 0 0 0 
K TC aging 1 h C 0 0 0 0 
K TC aging 1 h C 0 0 0 0 
U TC aging 1 h C 0 0 0 0 
U TC aging 1 h C 0 0 0 0 
U TC aging 1 h C 0 0 0 0 
PC TC aging 1 h AChE 0 0 0 0 
PC TC aging 1 h AChE 0 0 0 0 
PC TC aging 1 h AChE 0 0.2 0 2.1 
K TC aging 1 h AChE 0 0 0 0 
K TC aging 1 h AChE 0 0 0 0 
K TC aging 1 h AChE 0 0 0 0 
U TC aging 1 h AChE 0 0 0 0 
U TC aging 1 h AChE 0 0 0 0 
U TC aging 1 h AChE 0 0 0 0 
PC TC aging 24 h C 4.8 8.1 47.95 94.6 
PC TC aging 24 h C 5 8.6 49.78 100.46 
PC TC aging 24 h C 8.2 11.7 82.25 135.53 
K TC aging 24 h C 12.2 0 85.51 0 
K TC aging 24 h C 1.4 0 9.75 0 
K TC aging 24 h C 5.3 0 37.13 0 
U TC aging 24 h C 0 0 0 0 
U TC aging 24 h C 0 0 0 0 
U TC aging 24 h C 0 0 0 0 
PC TC aging 24 h AChE 11.8 5 117.69 57.68 
PC TC aging 24 h AChE 10.6 4.3 106.22 50.47 
PC TC aging 24 h AChE 10.3 7.7 102.85 89.45 
K TC aging 24 h AChE 3.9 1.9 27.41 21.63 
K TC aging 24 h AChE 1.4 1.7 9.52 19.88 
K TC aging 24 h AChE 0 2.3 0 26.29 
U TC aging 24 h AChE 0 0.1 0 0.95 
U TC aging 24 h AChE 0 0.7 0 8.12 
U TC aging 24 h AChE 0 0.5 0 6.3 
PC TC aging 48 h C 2.4 2.3 24.48 26.26 
PC TC aging 48 h C 4.7 3.4 46.77 39.85 
PC TC aging 48 h C 11.1 5.2 111.21 60.54 
K TC aging 48 h C 11.2 1.9 78.63 22.11 
K TC aging 48 h C 11.1 0 78.31 0 
K TC aging 48 h C 18.3 8 128.59 93.16 
U TC aging 48 h C 0 0 0 0 
U TC aging 48 h C 0 0 0 0 
U TC aging 48 h C 0 0 0 0 
PC TC aging 48 h AChE 8.8 4.1 88.09 47.32 
PC TC aging 48 h AChE 4.9 3.2 49.46 37.12 
PC TC aging 48 h AChE 10.9 2.6 109.33 29.79 
K TC aging 48 h AChE 17.2 0.2 120.66 2.61 
K TC aging 48 h AChE 10 3.5 70.5 41.17 
K TC aging 48 h AChE 8.1 7.8 57.2 90.45 
U TC aging 48 h AChE 0 0.1 0 1.02 
U TC aging 48 h AChE 0 1.4 0 16.69 
U TC aging 48 h AChE 0 0.7 0 7.86 
PC TC aging 72 h C 3.1 4.3 30.54 49.62 
PC TC aging 72 h C 0.9 3.3 8.61 38.86 
PC TC aging 72 h C 2 10 20.35 116.08 
K TC aging 72 h C 4.9 0 34.3 0 
K TC aging 72 h C 6.3 0 43.98 0 
K TC aging 72 h C 6.4 0 44.99 0 
U TC aging 72 h C 0 0 0 0 
U TC aging 72 h C 0 0.3 0 4.05 
U TC aging 72 h C 0 0.3 0 4.06 
PC TC aging 72 h AChE 4.2 6.2 41.55 72.51 
PC TC aging 72 h AChE 4.7 5.1 47.06 59.42 
PC TC aging 72 h AChE 3.6 7.9 36.5 92.17 
K TC aging 72 h AChE 6.2 4 43.31 45.93 
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Material Condition Time Group [RM] µg/mL [MA] µg/mL [RM] µmol/L [MA] µmol/L 
K TC aging 72 h AChE 3.2 3.5 22.72 40.09 
K TC aging 72 h AChE 2.9 2.5 20.11 29.38 
U TC aging 72 h AChE 0 0.4 0 4.84 
U TC aging 72 h AChE 0 0.6 0 7.45 
U TC aging 72 h AChE 0 0.8 0 8.75 
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3. Cytotoxicity of the eluates 
Experiment Material Group Dilution Absorbance Abs without blank Cell Viablity 
1 PC C 100% 0.4098 0.3742 104.05 
1 PC C 100% 0.4064 0.3708 103.11 
1 PC C 100% 0.4095 0.3739 103.97 
1 PC C 100% 0.3779 0.3423 95.18 
1 PC C 100% 0.3604 0.3248 90.31 
1 PC C 100% 0.3816 0.346 96.21 
1 PC C 100% 0.3296 0.294 81.75 
1 PC C 100% 0.3976 0.362 100.66 
1 PC C 75% 0.4422 0.4066 113.06 
1 PC C 75% 0.4337 0.3981 110.7 
1 PC C 75% 0.4409 0.4053 112.7 
1 PC C 75% 0.4122 0.3766 104.72 
1 PC C 75% 0.4331 0.3975 110.53 
1 PC C 75% 0.4002 0.3646 101.38 
1 PC C 75% 0.422 0.3864 107.44 
1 PC C 75% 0.4126 0.377 104.83 
1 PC C 50% 0.404 0.3684 102.44 
1 PC C 50% 0.4592 0.4236 117.79 
1 PC C 50% 0.4081 0.3725 103.58 
1 PC C 50% 0.4124 0.3768 104.77 
1 PC C 50% 0.4453 0.4097 113.92 
1 PC C 50% 0.3686 0.333 92.59 
1 PC C 50% 0.401 0.3654 101.6 
1 PC C 50% 0.3368 0.3012 83.75 
1 PC AChE 100% 0.3215 0.2859 90.35 
1 PC AChE 100% 0.3015 0.2659 84.03 
1 PC AChE 100% 0.32 0.2844 89.88 
1 PC AChE 100% 0.3277 0.2921 92.31 
1 PC AChE 100% 0.3138 0.2782 87.92 
1 PC AChE 100% 0.3391 0.3035 95.92 
1 PC AChE 100% 0.2805 0.2449 77.4 
1 PC AChE 100% 0.2742 0.2386 75.41 
1 PC AChE 75% 0.3332 0.2976 94.05 
1 PC AChE 75% 0.3262 0.2906 91.84 
1 PC AChE 75% 0.3523 0.3167 100.09 
1 PC AChE 75% 0.3389 0.3033 95.85 
1 PC AChE 75% 0.3326 0.297 93.86 
1 PC AChE 75% 0.339 0.3034 95.89 
1 PC AChE 75% 0.3396 0.304 96.07 
1 PC AChE 75% 0.3007 0.2651 83.78 
1 PC AChE 50% 0.3476 0.312 98.6 
1 PC AChE 50% 0.3536 0.318 100.5 
1 PC AChE 50% 0.3769 0.3413 107.86 
1 PC AChE 50% 0.3648 0.3292 104.04 
1 PC AChE 50% 0.3531 0.3175 100.34 
1 PC AChE 50% 0.3587 0.3231 102.11 
1 PC AChE 50% 0.3533 0.3177 100.4 
1 PC AChE 50% 0.3543 0.3187 100.72 
1 K C 100% 0.0479 0.0123 3.42 
1 K C 100% 0.0489 0.0133 3.7 
1 K C 100% 0.0507 0.0151 4.2 
1 K C 100% 0.049 0.0134 3.73 
1 K C 100% 0.0507 0.0151 4.2 
1 K C 100% 0.0496 0.014 3.89 
1 K C 100% 0.0561 0.0205 5.7 
1 K C 100% 0.0524 0.0168 4.67 
1 K C 75% 0.0812 0.0456 12.68 
1 K C 75% 0.0673 0.0317 8.81 
1 K C 75% 0.0636 0.028 7.79 
1 K C 75% 0.0668 0.0312 8.68 
1 K C 75% 0.0638 0.0282 7.84 
1 K C 75% 0.0661 0.0305 8.48 
1 K C 75% 0.0606 0.025 6.95 
1 K C 75% 0.0727 0.0371 10.32 
1 K C 50% 0.2592 0.2236 62.17 
1 K C 50% 0.2095 0.1739 48.35 
1 K C 50% 0.1878 0.1522 42.32 
1 K C 50% 0.2006 0.165 45.88 
1 K C 50% 0.1964 0.1608 44.71 
Appendix – Experimental data 
 
193 
Experiment Material Group Dilution Absorbance Abs without blank Cell Viablity 
1 K C 50% 0.1905 0.1549 43.07 
1 K C 50% 0.2271 0.1915 53.25 
1 K C 50% 0.2433 0.2077 57.75 
1 K AChE 100% 0.1342 0.0986 31.16 
1 K AChE 100% 0.1342 0.0986 31.16 
1 K AChE 100% 0.1042 0.0686 21.68 
1 K AChE 100% 0.1098 0.0742 23.45 
1 K AChE 100% 0.1178 0.0822 25.98 
1 K AChE 100% 0.1125 0.0769 24.3 
1 K AChE 100% 0.123 0.0874 27.62 
1 K AChE 100% 0.1257 0.0901 28.47 
1 K AChE 75% 0.1944 0.1588 50.19 
1 K AChE 75% 0.1865 0.1509 47.69 
1 K AChE 75% 0.1854 0.1498 47.34 
1 K AChE 75% 0.1813 0.1457 46.05 
1 K AChE 75% 0.1919 0.1563 49.4 
1 K AChE 75% 0.1936 0.158 49.93 
1 K AChE 75% 0.1993 0.1637 51.74 
1 K AChE 75% 0.1863 0.1507 47.63 
1 K AChE 50% 0.2121 0.1765 55.78 
1 K AChE 50% 0.2258 0.1902 60.11 
1 K AChE 50% 0.2644 0.2288 72.31 
1 K AChE 50% 0.2291 0.1935 61.15 
1 K AChE 50% 0.2541 0.2185 69.05 
1 K AChE 50% 0.2305 0.1949 61.6 
1 K AChE 50% 0.2038 0.1682 53.16 
1 K AChE 50% 0.2115 0.1759 55.59 
1 U C 100% 0.3058 0.2702 75.13 
1 U C 100% 0.3238 0.2882 80.14 
1 U C 100% 0.3374 0.3018 83.92 
1 U C 100% 0.3065 0.2709 75.33 
1 U C 100% 0.3159 0.2803 77.94 
1 U C 100% 0.2664 0.2308 64.18 
1 U C 100% 0.2892 0.2536 70.52 
1 U C 100% 0.272 0.2364 65.73 
1 U C 75% 0.3055 0.2699 75.05 
1 U C 75% 0.2664 0.2308 64.18 
1 U C 75% 0.4048 0.3692 102.66 
1 U C 75% 0.3616 0.326 90.65 
1 U C 75% 0.3852 0.3496 97.21 
1 U C 75% 0.4053 0.3697 102.8 
1 U C 75% 0.3254 0.2898 80.58 
1 U C 75% 0.395 0.3594 99.94 
1 U C 50% 0.3688 0.3332 92.65 
1 U C 50% 0.3814 0.3458 96.15 
1 U C 50% 0.3914 0.3558 98.93 
1 U C 50% 0.4038 0.3682 102.38 
1 U C 50% 0.4149 0.3793 105.47 
1 U C 50% 0.3829 0.3473 96.57 
1 U C 50% 0.3936 0.358 99.55 
1 U C 50% 0.3895 0.3539 98.41 
1 U AChE 100% 0.2725 0.2369 74.87 
1 U AChE 100% 0.259 0.2234 70.6 
1 U AChE 100% 0.2441 0.2085 65.89 
1 U AChE 100% 0.2454 0.2098 66.3 
1 U AChE 100% 0.2389 0.2033 64.25 
1 U AChE 100% 0.2516 0.216 68.26 
1 U AChE 100% 0.2265 0.1909 60.33 
1 U AChE 100% 0.224 0.1884 59.54 
1 U AChE 75% 0.2864 0.2508 79.26 
1 U AChE 75% 0.3042 0.2686 84.89 
1 U AChE 75% 0.3108 0.2752 86.97 
1 U AChE 75% 0.296 0.2604 82.3 
1 U AChE 75% 0.2795 0.2439 77.08 
1 U AChE 75% 0.3155 0.2799 88.46 
1 U AChE 75% 0.2726 0.237 74.9 
1 U AChE 75% 0.2509 0.2153 68.04 
1 U AChE 50% 0.3467 0.3111 98.32 
1 U AChE 50% 0.3299 0.2943 93.01 
1 U AChE 50% 0.3155 0.2799 88.46 
1 U AChE 50% 0.308 0.2724 86.09 
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Experiment Material Group Dilution Absorbance Abs without blank Cell Viablity 
1 U AChE 50% 0.3261 0.2905 91.81 
1 U AChE 50% 0.314 0.2784 87.98 
1 U AChE 50% 0.3427 0.3071 97.05 
1 U AChE 50% 0.3163 0.2807 88.71 
2 PC C 100% 0.3677 0.3321 101.96 
2 PC C 100% 0.403 0.3674 112.79 
2 PC C 100% 0.413 0.3774 115.86 
2 PC C 100% 0.4017 0.3661 112.4 
2 PC C 100% 0.2854 0.2498 91.49 
2 PC C 100% 0.3176 0.282 103.28 
2 PC C 100% 0.3243 0.2887 105.73 
2 PC C 100% 0.3332 0.2976 108.99 
2 PC C 75% 0.3601 0.3245 99.62 
2 PC C 75% 0.3247 0.2891 88.76 
2 PC C 75% 0.3834 0.3478 106.78 
2 PC C 75% 0.3711 0.3355 103 
2 PC C 75% 0.3028 0.2672 97.86 
2 PC C 75% 0.277 0.2414 88.41 
2 PC C 75% 0.2673 0.2317 84.86 
2 PC C 75% 0.2797 0.2441 89.4 
2 PC C 50% 0.3615 0.3259 100.05 
2 PC C 50% 0.3647 0.3291 101.04 
2 PC C 50% 0.4005 0.3649 112.03 
2 PC C 50% 0.3746 0.339 104.08 
2 PC C 50% 0.323 0.2874 105.26 
2 PC C 50% 0.2986 0.263 96.32 
2 PC C 50% 0.2774 0.2418 88.56 
2 PC C 50% 0.3049 0.2693 98.63 
2 PC AChE 100% 0.4582 0.4226 129.74 
2 PC AChE 100% 0.4594 0.4238 130.11 
2 PC AChE 100% 0.4381 0.4025 123.57 
2 PC AChE 100% 0.4101 0.3745 114.97 
2 PC AChE 100% 0.3458 0.3102 113.61 
2 PC AChE 100% 0.3294 0.2938 107.6 
2 PC AChE 100% 0.3058 0.2702 98.96 
2 PC AChE 100% 0.3682 0.3326 121.81 
2 PC AChE 75% 0.4392 0.4036 123.91 
2 PC AChE 75% 0.4362 0.4006 122.99 
2 PC AChE 75% 0.4132 0.3776 115.93 
2 PC AChE 75% 0.4347 0.3991 122.53 
2 PC AChE 75% 0.3651 0.3295 120.67 
2 PC AChE 75% 0.3382 0.3026 110.82 
2 PC AChE 75% 0.3212 0.2856 104.6 
2 PC AChE 75% 0.3494 0.3138 114.92 
2 PC AChE 50% 0.4368 0.4012 123.17 
2 PC AChE 50% 0.4292 0.3936 120.84 
2 PC AChE 50% 0.4178 0.3822 117.34 
2 PC AChE 50% 0.3857 0.3501 107.48 
2 PC AChE 50% 0.3048 0.2692 98.59 
2 PC AChE 50% 0.3088 0.2732 100.05 
2 PC AChE 50% 0.3154 0.2798 102.47 
2 PC AChE 50% 0.316 0.2804 102.69 
2 K C 100% 0.2556 0.22 67.54 
2 K C 100% 0.2642 0.2286 70.18 
2 K C 100% 0.2498 0.2142 65.76 
2 K C 100% 0.2514 0.2158 66.25 
2 K C 100% 0.1895 0.1539 56.36 
2 K C 100% 0.1916 0.156 57.13 
2 K C 100% 0.2088 0.1732 63.43 
2 K C 100% 0.2044 0.1688 61.82 
2 K C 75% 0.2449 0.2093 64.26 
2 K C 75% 0.2383 0.2027 62.23 
2 K C 75% 0.2415 0.2059 63.21 
2 K C 75% 0.226 0.1904 58.45 
2 K C 75% 0.2082 0.1726 63.21 
2 K C 75% 0.2047 0.1691 61.93 
2 K C 75% 0.2043 0.1687 61.78 
2 K C 75% 0.2025 0.1669 61.12 
2 K C 50% 0.2853 0.2497 76.66 
2 K C 50% 0.2793 0.2437 74.82 
2 K C 50% 0.2672 0.2316 71.1 
2 K C 50% 0.3109 0.2753 84.52 
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Experiment Material Group Dilution Absorbance Abs without blank Cell Viablity 
2 K C 50% 0.2472 0.2116 77.49 
2 K C 50% 0.2494 0.2138 78.3 
2 K C 50% 0.2492 0.2136 78.23 
2 K C 50% 0.263 0.2274 83.28 
2 K AChE 100% 0.2338 0.1982 60.85 
2 K AChE 100% 0.247 0.2114 64.9 
2 K AChE 100% 0.2484 0.2128 65.33 
2 K AChE 100% 0.2198 0.1842 56.55 
2 K AChE 100% 0.2071 0.1715 62.81 
2 K AChE 100% 0.1964 0.1608 58.89 
2 K AChE 100% 0.1966 0.161 58.96 
2 K AChE 100% 0.1909 0.1553 56.88 
2 K AChE 75% 0.244 0.2084 63.98 
2 K AChE 75% 0.2452 0.2096 64.35 
2 K AChE 75% 0.2485 0.2129 65.36 
2 K AChE 75% 0.2475 0.2119 65.05 
2 K AChE 75% 0.2298 0.1942 71.12 
2 K AChE 75% 0.2063 0.1707 62.52 
2 K AChE 75% 0.1909 0.1553 56.88 
2 K AChE 75% 0.1956 0.16 58.6 
2 K AChE 50% 0.346 0.3104 95.3 
2 K AChE 50% 0.3569 0.3213 98.64 
2 K AChE 50% 0.3543 0.3187 97.84 
2 K AChE 50% 0.335 0.2994 91.92 
2 K AChE 50% 0.2727 0.2371 86.83 
2 K AChE 50% 0.2702 0.2346 85.92 
2 K AChE 50% 0.2558 0.2202 80.64 
2 K AChE 50% 0.2477 0.2121 77.68 
2 U C 100% 0.2607 0.2251 69.11 
2 U C 100% 0.2698 0.2342 71.9 
2 U C 100% 0.246 0.2104 64.59 
2 U C 100% 0.2947 0.2591 79.55 
2 U C 100% 0.2426 0.207 75.81 
2 U C 100% 0.2486 0.213 78.01 
2 U C 100% 0.2425 0.2069 75.77 
2 U C 100% 0.259 0.2234 81.82 
2 U C 75% 0.3972 0.3616 111.01 
2 U C 75% 0.4107 0.3751 115.16 
2 U C 75% 0.3958 0.3602 110.58 
2 U C 75% 0.3749 0.3393 104.17 
2 U C 75% 0.3205 0.2849 104.34 
2 U C 75% 0.3432 0.3076 112.65 
2 U C 75% 0.3261 0.2905 106.39 
2 U C 75% 0.3121 0.2765 101.26 
2 U C 50% 0.4073 0.3717 114.11 
2 U C 50% 0.408 0.3724 114.33 
2 U C 50% 0.3893 0.3537 108.59 
2 U C 50% 0.3762 0.3406 104.57 
2 U C 50% 0.3352 0.2996 109.72 
2 U C 50% 0.3318 0.2962 108.48 
2 U C 50% 0.3378 0.3022 110.68 
2 U C 50% 0.325 0.2894 105.99 
2 U AChE 100% 0.2314 0.1958 60.11 
2 U AChE 100% 0.237 0.2014 61.83 
2 U AChE 100% 0.2209 0.1853 56.89 
2 U AChE 100% 0.2329 0.1973 60.57 
2 U AChE 100% 0.2251 0.1895 69.4 
2 U AChE 100% 0.2073 0.1717 62.88 
2 U AChE 100% 0.216 0.1804 66.07 
2 U AChE 100% 0.2114 0.1758 64.38 
2 U AChE 75% 0.3044 0.2688 82.52 
2 U AChE 75% 0.3002 0.2646 81.23 
2 U AChE 75% 0.2931 0.2575 79.05 
2 U AChE 75% 0.256 0.2204 67.66 
2 U AChE 75% 0.2502 0.2146 78.59 
2 U AChE 75% 0.2652 0.2296 84.09 
2 U AChE 75% 0.2447 0.2091 76.58 
2 U AChE 75% 0.2571 0.2215 81.12 
2 U AChE 50% 0.3131 0.2775 85.19 
2 U AChE 50% 0.3142 0.2786 85.53 
2 U AChE 50% 0.3116 0.276 84.73 
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Experiment Material Group Dilution Absorbance Abs without blank Cell Viablity 
2 U AChE 50% 0.2925 0.2569 78.87 
2 U AChE 50% 0.2653 0.2297 84.12 
2 U AChE 50% 0.2763 0.2407 88.15 
2 U AChE 50% 0.2857 0.2501 91.59 
2 U AChE 50% 0.2679 0.2323 85.08 
3 PC C 100% 0.3019 0.2666 110.17 
3 PC C 100% 0.3246 0.2893 119.55 
3 PC C 100% 0.3371 0.3018 124.71 
3 PC C 100% 0.3428 0.3075 127.07 
3 PC C 100% 0.3778 0.3425 143.91 
3 PC C 100% 0.2917 0.2564 107.73 
3 PC C 100% 0.37 0.3347 140.63 
3 PC C 100% 0.3546 0.3193 134.16 
3 K C 100% 0.0577 0.0224 9.26 
3 K C 100% 0.0549 0.0196 8.1 
3 K C 100% 0.0618 0.0265 10.95 
3 K C 100% 0.0584 0.0231 9.55 
3 K C 100% 0.0588 0.0235 9.87 
3 K C 100% 0.0685 0.0332 13.95 
3 K C 100% 0.0527 0.0174 7.31 
3 K C 100% 0.0537 0.0184 7.73 
3 U C 100% 0.1142 0.0789 32.6 
3 U C 100% 0.1114 0.0761 31.45 
3 U C 100% 0.1237 0.0884 36.53 
3 U C 100% 0.0938 0.0585 24.17 
3 U C 100% 0.116 0.0807 33.91 
3 U C 100% 0.0915 0.0562 23.61 
3 U C 100% 0.1076 0.0723 30.38 
3 U C 100% 0.1172 0.0819 34.41 
3 PC C 75% 0.2716 0.2363 97.64 
3 PC C 75% 0.304 0.2687 111.03 
3 PC C 75% 0.315 0.2797 115.58 
3 PC C 75% 0.3058 0.2705 111.78 
3 PC C 75% 0.2988 0.2635 110.71 
3 PC C 75% 0.3265 0.2912 122.35 
3 PC C 75% 0.3106 0.2753 115.67 
3 PC C 75% 0.3273 0.292 122.69 
3 K C 75% 0.0626 0.0273 11.28 
3 K C 75% 0.0575 0.0222 9.17 
3 K C 75% 0.0761 0.0408 16.86 
3 K C 75% 0.0622 0.0269 11.12 
3 K C 75% 0.0631 0.0278 11.68 
3 K C 75% 0.0556 0.0203 8.53 
3 K C 75% 0.0626 0.0273 11.47 
3 K C 75% 0.056 0.0207 8.7 
3 U C 75% 0.1891 0.1538 63.55 
3 U C 75% 0.1841 0.1488 61.49 
3 U C 75% 0.2079 0.1726 71.32 
3 U C 75% 0.2137 0.1784 73.72 
3 U C 75% 0.242 0.2067 86.85 
3 U C 75% 0.2103 0.175 73.53 
3 U C 75% 0.2274 0.1921 80.71 
3 U C 75% 0.2029 0.1676 70.42 
3 PC C 50% 0.2655 0.2302 95.12 
3 PC C 50% 0.2871 0.2518 104.05 
3 PC C 50% 0.2769 0.2416 99.83 
3 PC C 50% 0.3124 0.2771 114.5 
3 PC C 50% 0.272 0.2367 99.45 
3 PC C 50% 0.2957 0.2604 109.41 
3 PC C 50% 0.3047 0.2694 113.19 
3 PC C 50% 0.3327 0.2974 124.96 
3 K C 50% 0.1618 0.1265 52.27 
3 K C 50% 0.1361 0.1008 41.65 
3 K C 50% 0.146 0.1107 45.74 
3 K C 50% 0.1606 0.1253 51.78 
3 K C 50% 0.1657 0.1304 54.79 
3 K C 50% 0.1349 0.0996 41.85 
3 K C 50% 0.0891 0.0538 22.61 
3 K C 50% 0.1103 0.075 31.51 
3 U C 50% 0.2034 0.1681 69.46 
3 U C 50% 0.2736 0.2383 98.47 
3 U C 50% 0.2163 0.181 74.79 
Appendix – Experimental data 
 
197 
Experiment Material Group Dilution Absorbance Abs without blank Cell Viablity 
3 U C 50% 0.2336 0.1983 81.94 
3 U C 50% 0.251 0.2157 90.63 
3 U C 50% 0.2467 0.2114 88.82 
3 U C 50% 0.2314 0.1961 82.39 
3 U C 50% 0.2351 0.1998 83.95 
3 PC AChE 100% 0.3221 0.2868 118.51 
3 PC AChE 100% 0.3224 0.2871 118.64 
3 PC AChE 100% 0.279 0.2437 100.7 
3 PC AChE 100% 0.2701 0.2348 97.02 
3 PC AChE 100% 0.3342 0.2989 125.59 
3 PC AChE 100% 0.3172 0.2819 118.45 
3 PC AChE 100% 0.2942 0.2589 108.78 
3 PC AChE 100% 0.25 0.2147 90.21 
3 K AChE 100% 0.0592 0.0239 9.88 
3 K AChE 100% 0.0662 0.0309 12.77 
3 K AChE 100% 0.0612 0.0259 10.7 
3 K AChE 100% 0.0624 0.0271 11.2 
3 K AChE 100% 0.0523 0.017 7.14 
3 K AChE 100% 0.057 0.0217 9.12 
3 K AChE 100% 0.058 0.0227 9.54 
3 K AChE 100% 0.0573 0.022 9.24 
3 U AChE 100% 0.2721 0.2368 97.85 
3 U AChE 100% 0.2797 0.2444 100.99 
3 U AChE 100% 0.2227 0.1874 77.44 
3 U AChE 100% 0.2245 0.1892 78.18 
3 U AChE 100% 0.2994 0.2644 110.09 
3 U AChE 100% 0.2916 0.2563 107.69 
3 U AChE 100% 0.3164 0.2811 118.11 
3 U AChE 100% 0.2978 0.2625 110.29 
3 PC AChE 75% 0.3102 0.2749 113.6 
3 PC AChE 75% 0.3003 0.265 109.5 
3 PC AChE 75% 0.3162 0.2809 116.07 
3 PC AChE 75% 0.2596 0.2243 92.69 
3 PC AChE 75% 0.3482 0.3129 131.47 
3 PC AChE 75% 0.3234 0.2881 121.05 
3 PC AChE 75% 0.2749 0.2396 100.67 
3 PC AChE 75% 0.2577 0.2224 93.45 
3 K AChE 75% 0.1553 0.12 49.59 
3 K AChE 75% 0.1628 0.1275 52.69 
3 K AChE 75% 0.1372 0.1019 42.11 
3 K AChE 75% 0.1461 0.1108 45.79 
3 K AChE 75% 0.0844 0.0491 20.63 
3 K AChE 75% 0.064 0.0287 12.06 
3 K AChE 75% 0.0636 0.0283 11.89 
3 K AChE 75% 0.058 0.0227 9.54 
3 U AChE 75% 0.1988 0.1635 67.56 
3 U AChE 75% 0.2751 0.2398 99.09 
3 U AChE 75% 0.2162 0.1809 74.75 
3 U AChE 75% 0.2186 0.1833 75.74 
3 U AChE 75% 0.2668 0.2315 97.27 
3 U AChE 75% 0.3367 0.3014 126.64 
3 U AChE 75% 0.3107 0.2754 115.71 
3 U AChE 75% 0.2776 0.2423 101.81 
3 PC AChE 50% 0.2875 0.2522 104.21 
3 PC AChE 50% 0.2635 0.2282 94.3 
3 PC AChE 50% 0.2607 0.2254 93.14 
3 PC AChE 50% 0.2632 0.2279 94.17 
3 PC AChE 50% 0.3295 0.2942 123.61 
3 PC AChE 50% 0.301 0.2657 111.64 
3 PC AChE 50% 0.2742 0.2389 100.38 
3 PC AChE 50% 0.2803 0.245 102.94 
3 K AChE 50% 0.1566 0.1213 50.12 
3 K AChE 50% 0.1566 0.1213 50.12 
3 K AChE 50% 0.1563 0.121 50 
3 K AChE 50% 0.1434 0.1081 44.67 
3 K AChE 50% 0.183 0.1477 62.06 
3 K AChE 50% 0.173 0.1377 57.86 
3 K AChE 50% 0.1775 0.1422 59.75 
3 K AChE 50% 0.1564 0.1211 50.88 
3 U AChE 50% 0.2343 0.199 82.23 
3 U AChE 50% 0.26 0.2247 92.85 
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3 U AChE 50% 0.2435 0.2082 86.03 
3 U AChE 50% 0.1897 0.1544 63.8 
3 U AChE 50% 0.2755 0.2402 100.92 
3 U AChE 50% 0.2488 0.2135 89.71 
3 U AChE 50% 0.275 0.2397 100.71 
3 U AChE 50% 0.2706 0.2353 98.87 
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4. Cytotoxicity of the test compounds 
Experiment Compound Dilution Absorbance Abs without blank Cell Viability 
1 MMA 100% 0.2376 0.202 51.91 
1 MMA 100% 0.2584 0.2228 57.26 
1 MMA 100% 0.2741 0.2385 61.3 
1 MMA 100% 0.2719 0.2363 60.73 
1 MMA 100% 0.2884 0.2528 64.97 
1 MMA 100% 0.2742 0.2386 61.32 
1 MMA 100% 0.3134 0.2778 71.4 
1 MMA 100% 0.2879 0.2523 64.84 
1 IBMA 100% 0.2934 0.2578 66.26 
1 IBMA 100% 0.3131 0.2775 71.32 
1 IBMA 100% 0.2892 0.2536 65.18 
1 IBMA 100% 0.2818 0.2462 63.27 
1 IBMA 100% 0.293 0.2574 66.15 
1 IBMA 100% 0.2976 0.262 67.33 
1 IBMA 100% 0.2783 0.2427 62.37 
1 IBMA 100% 0.269 0.2334 59.98 
1 HDMA 100% 0.0514 0.0158 4.96 
1 HDMA 100% 0.0447 0.0091 2.86 
1 HDMA 100% 0.0492 0.0136 4.27 
1 HDMA 100% 0.0801 0.0445 13.96 
1 HDMA 100% 0.0443 0.0087 2.73 
1 HDMA 100% 0.0501 0.0145 4.55 
1 HDMA 100% 0.0463 0.0107 3.36 
1 HDMA 100% 0.0488 0.0132 4.14 
1 MA 100% 0.2431 0.2075 65.1 
1 MA 100% 0.2566 0.221 69.34 
1 MA 100% 0.2413 0.2057 64.54 
1 MA 100% 0.2225 0.1869 58.64 
1 MA 100% 0.24 0.2044 64.13 
1 MA 100% 0.2413 0.2057 64.54 
1 MA 100% 0.224 0.1884 59.11 
1 MA 100% 0.2358 0.2002 62.81 
1 MMA 50% 0.3532 0.3176 81.62 
1 MMA 50% 0.3497 0.3141 80.72 
1 MMA 50% 0.3608 0.3252 83.58 
1 MMA 50% 0.3698 0.3342 85.89 
1 MMA 50% 0.3405 0.3049 78.36 
1 MMA 50% 0.2934 0.2578 66.26 
1 MMA 50% 0.2816 0.246 63.22 
1 MMA 50% 0.2504 0.2148 55.2 
1 IBMA 50% 0.3641 0.3285 84.43 
1 IBMA 50% 0.3697 0.3341 85.86 
1 IBMA 50% 0.353 0.3174 81.57 
1 IBMA 50% 0.3888 0.3532 90.77 
1 IBMA 50% 0.4039 0.3683 94.65 
1 IBMA 50% 0.2985 0.2629 67.57 
1 IBMA 50% 0.3569 0.3213 82.58 
1 IBMA 50% 0.3416 0.306 78.64 
1 HDMA 50% 0.0568 0.0212 6.65 
1 HDMA 50% 0.0576 0.022 6.9 
1 HDMA 50% 0.0675 0.0319 10.01 
1 HDMA 50% 0.063 0.0274 8.6 
1 HDMA 50% 0.0802 0.0446 13.99 
1 HDMA 50% 0.0602 0.0246 7.72 
1 HDMA 50% 0.0725 0.0369 11.58 
1 HDMA 50% 0.088 0.0524 16.44 
1 MA 50% 0.2782 0.2426 76.12 
1 MA 50% 0.2722 0.2366 74.23 
1 MA 50% 0.2655 0.2299 72.13 
1 MA 50% 0.2779 0.2423 76.02 
1 MA 50% 0.249 0.2134 66.96 
1 MA 50% 0.27 0.2344 73.54 
1 MA 50% 0.2748 0.2392 75.05 
1 MA 50% 0.2564 0.2208 69.28 
1 MMA 25% 0.3029 0.2673 68.7 
1 MMA 25% 0.3081 0.2725 70.03 
1 MMA 25% 0.3347 0.2991 76.87 
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1 MMA 25% 0.3036 0.268 68.88 
1 MMA 25% 0.3026 0.267 68.62 
1 MMA 25% 0.2969 0.2613 67.15 
1 MMA 25% 0.3253 0.2897 74.45 
1 MMA 25% 0.3175 0.2819 72.45 
1 IBMA 25% 0.3626 0.327 84.04 
1 IBMA 25% 0.3674 0.3318 85.27 
1 IBMA 25% 0.3756 0.34 87.38 
1 IBMA 25% 0.3813 0.3457 88.85 
1 IBMA 25% 0.3781 0.3425 88.02 
1 IBMA 25% 0.3638 0.3282 84.35 
1 IBMA 25% 0.4031 0.3675 94.45 
1 IBMA 25% 0.376 0.3404 87.48 
1 HDMA 25% 0.1775 0.1419 44.52 
1 HDMA 25% 0.1971 0.1615 50.67 
1 HDMA 25% 0.2149 0.1793 56.26 
1 HDMA 25% 0.1798 0.1442 45.24 
1 HDMA 25% 0.1785 0.1429 44.84 
1 HDMA 25% 0.1944 0.1588 49.82 
1 HDMA 25% 0.2356 0.2 62.75 
1 HDMA 25% 0.2297 0.1941 60.9 
1 MA 25% 0.3364 0.3008 94.38 
1 MA 25% 0.3752 0.3396 106.55 
1 MA 25% 0.3439 0.3083 96.73 
1 MA 25% 0.3351 0.2995 93.97 
1 MA 25% 0.3333 0.2977 93.4 
1 MA 25% 0.3208 0.2852 89.48 
1 MA 25% 0.3138 0.2782 87.29 
1 MA 25% 0.3203 0.2847 89.33 
1 MMA 10% 0.3075 0.2719 69.88 
1 MMA 10% 0.3943 0.3587 92.19 
1 MMA 10% 0.3911 0.3555 91.36 
1 MMA 10% 0.3991 0.3635 93.42 
1 MMA 10% 0.4 0.3644 93.65 
1 MMA 10% 0.3681 0.3325 85.45 
1 MMA 10% 0.4294 0.3938 101.21 
1 MMA 10% 0.3864 0.3508 90.16 
1 IBMA 10% 0.4116 0.376 96.63 
1 IBMA 10% 0.4308 0.3952 101.57 
1 IBMA 10% 0.426 0.3904 100.33 
1 IBMA 10% 0.4348 0.3992 102.6 
1 IBMA 10% 0.4361 0.4005 102.93 
1 IBMA 10% 0.3904 0.3548 91.18 
1 IBMA 10% 0.428 0.3924 100.85 
1 IBMA 10% 0.3628 0.3272 84.09 
1 HDMA 10% 0.3299 0.2943 92.34 
1 HDMA 10% 0.3722 0.3366 105.61 
1 HDMA 10% 0.3772 0.3416 107.18 
1 HDMA 10% 0.3182 0.2826 88.67 
1 HDMA 10% 0.3153 0.2797 87.76 
1 HDMA 10% 0.3142 0.2786 87.41 
1 HDMA 10% 0.3368 0.3012 94.5 
1 HDMA 10% 0.3221 0.2865 89.89 
1 MA 10% 0.32 0.2844 89.23 
1 MA 10% 0.3788 0.3432 107.68 
1 MA 10% 0.363 0.3274 102.72 
1 MA 10% 0.3585 0.3229 101.31 
1 MA 10% 0.3819 0.3463 108.65 
1 MA 10% 0.379 0.3434 107.74 
1 MA 10% 0.3828 0.3472 108.94 
1 MA 10% 0.3725 0.3369 105.7 
2 MMA 100% 0.2545 0.2192 98.35 
2 MMA 100% 0.246 0.2107 94.54 
2 MMA 100% 0.2595 0.2242 100.6 
2 MMA 100% 0.2717 0.2364 106.07 
2 IBMA 100% 0.2149 0.1796 80.59 
2 IBMA 100% 0.2046 0.1693 75.96 
2 IBMA 100% 0.2656 0.2303 103.33 
2 IBMA 100% 0.2512 0.2159 96.87 
2 HDMA 100% 0.2915 0.2562 114.95 
2 HDMA 100% 0.3345 0.2992 134.25 
2 HDMA 100% 0.3168 0.2815 126.31 
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Experiment Compound Dilution Absorbance Abs without blank Cell Viability 
2 HDMA 100% 0.3189 0.2836 127.25 
2 MA 100% 0.316 0.2807 125.95 
2 MA 100% 0.315 0.2797 125.5 
2 MA 100% 0.3251 0.2898 130.03 
2 MA 100% 0.3235 0.2882 129.31 
2 MMA 50% 0.2548 0.2195 98.49 
2 MMA 50% 0.281 0.2457 110.24 
2 MMA 50% 0.2492 0.2139 95.98 
2 MMA 50% 0.3127 0.2774 124.47 
2 IBMA 50% 0.241 0.2057 92.3 
2 IBMA 50% 0.2312 0.1959 87.9 
2 IBMA 50% 0.2548 0.2195 98.49 
2 IBMA 50% 0.2971 0.2618 117.47 
2 HDMA 50% 0.2941 0.2588 116.12 
2 HDMA 50% 0.2871 0.2518 112.98 
2 HDMA 50% 0.291 0.2557 114.73 
2 HDMA 50% 0.2769 0.2416 108.4 
2 MA 50% 0.2829 0.2476 111.1 
2 MA 50% 0.2864 0.2511 112.67 
2 MA 50% 0.2782 0.2429 108.99 
2 MA 50% 0.2552 0.2199 98.67 
2 MMA 25% 0.2343 0.199 89.29 
2 MMA 25% 0.2688 0.2335 104.77 
2 MMA 25% 0.2951 0.2598 116.57 
2 MMA 25% 0.2696 0.2343 105.13 
2 IBMA 25% 0.2205 0.1852 83.1 
2 IBMA 25% 0.2963 0.261 117.11 
2 IBMA 25% 0.2912 0.2559 114.82 
2 IBMA 25% 0.2834 0.2481 111.32 
2 HDMA 25% 0.2929 0.2576 115.58 
2 HDMA 25% 0.3417 0.3064 137.48 
2 HDMA 25% 0.3346 0.2993 134.29 
2 HDMA 25% 0.2846 0.2493 111.86 
2 MA 25% 0.2145 0.1792 80.41 
2 MA 25% 0.2386 0.2033 91.22 
2 MA 25% 0.2296 0.1943 87.18 
2 MA 25% 0.2615 0.2262 101.49 
2 MMA 10% 0.2652 0.2299 103.15 
2 MMA 10% 0.2716 0.2363 106.03 
2 MMA 10% 0.2408 0.2055 92.21 
2 MMA 10% 0.2522 0.2169 97.32 
2 IBMA 10% 0.1976 0.1623 72.82 
2 IBMA 10% 0.1631 0.1278 57.34 
2 IBMA 10% 0.2143 0.179 80.32 
2 IBMA 10% 0.1941 0.1588 71.25 
2 HDMA 10% 0.2917 0.2564 115.04 
2 HDMA 10% 0.252 0.2167 97.23 
2 HDMA 10% 0.253 0.2177 97.68 
2 HDMA 10% 0.2853 0.25 112.17 
2 MA 10% 0.225 0.1897 85.12 
2 MA 10% 0.2772 0.2419 108.54 
2 MA 10% 0.2266 0.1913 85.83 
2 MA 10% 0.2204 0.1851 83.05 
2 MMA 100% 0.248 0.2134 84.19 
2 MMA 100% 0.224 0.1894 74.72 
2 MMA 100% 0.2045 0.1699 67.03 
2 MMA 100% 0.1942 0.1596 62.96 
2 MMA 100% 0.1891 0.1545 75.85 
2 MMA 100% 0.1246 0.09 44.18 
2 MMA 100% 0.1346 0.1 49.09 
2 MMA 100% 0.1649 0.1303 63.97 
2 MMA 100% 0.2292 0.1946 83.68 
2 MMA 100% 0.195 0.1604 68.97 
2 MMA 100% 0.2021 0.1675 72.03 
2 MMA 100% 0.2129 0.1783 76.67 
2 MMA 50% 0.2293 0.1947 76.81 
2 MMA 50% 0.227 0.1924 75.9 
2 MMA 50% 0.1766 0.142 56.02 
2 MMA 50% 0.1872 0.1526 60.2 
2 MMA 50% 0.1766 0.142 69.71 
2 MMA 50% 0.1731 0.1385 67.99 
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2 MMA 50% 0.1871 0.1525 74.86 
2 MMA 50% 0.1627 0.1281 62.89 
2 MMA 50% 0.2626 0.228 98.04 
2 MMA 50% 0.2274 0.1928 82.91 
2 MMA 50% 0.2367 0.2021 86.91 
2 MMA 50% 0.215 0.1804 77.57 
2 MMA 25% 0.2758 0.2412 95.15 
2 MMA 25% 0.2183 0.1837 72.47 
2 MMA 25% 0.2425 0.2079 82.02 
2 MMA 25% 0.2537 0.2191 86.43 
2 MMA 25% 0.1841 0.1495 73.39 
2 MMA 25% 0.1425 0.1079 52.97 
2 MMA 25% 0.1976 0.163 80.02 
2 MMA 25% 0.2023 0.1677 82.33 
2 MMA 25% 0.2536 0.219 94.17 
2 MMA 25% 0.2523 0.2177 93.61 
2 MMA 25% 0.2676 0.233 100.19 
2 MMA 25% 0.2526 0.218 93.74 
2 MMA 10% 0.2784 0.2438 96.18 
2 MMA 10% 0.2138 0.1792 70.69 
2 MMA 10% 0.225 0.1904 75.11 
2 MMA 10% 0.2588 0.2242 88.45 
2 MMA 10% 0.1927 0.1581 77.61 
2 MMA 10% 0.2014 0.1668 81.89 
2 MMA 10% 0.1922 0.1576 77.37 
2 MMA 10% 0.1783 0.1437 70.54 
2 MMA 10% 0.174 0.1394 59.94 
2 MMA 10% 0.2038 0.1692 72.76 
2 MMA 10% 0.1724 0.1378 59.26 
2 MMA 10% 0.2049 0.1703 73.23 
2 IBMA 100% 0.2881 0.2535 100 
2 IBMA 100% 0.2453 0.2107 83.12 
2 IBMA 100% 0.2881 0.2535 100 
2 IBMA 100% 0.2453 0.2107 83.12 
2 IBMA 100% 0.2326 0.198 97.2 
2 IBMA 100% 0.2136 0.179 87.87 
2 IBMA 100% 0.211 0.1764 86.6 
2 IBMA 100% 0.2287 0.1941 95.29 
2 IBMA 100% 0.1807 0.1461 62.83 
2 IBMA 100% 0.2224 0.1878 80.76 
2 IBMA 100% 0.238 0.2034 87.47 
2 IBMA 100% 0.1971 0.1625 69.88 
2 IBMA 50% 0.336 0.3014 118.9 
2 IBMA 50% 0.2608 0.2262 89.24 
2 IBMA 50% 0.2756 0.241 95.07 
2 IBMA 50% 0.2743 0.2397 94.56 
2 IBMA 50% 0.2489 0.2143 105.2 
3 IBMA 50% 0.1957 0.1611 79.09 
3 IBMA 50% 0.1994 0.1648 80.9 
3 IBMA 50% 0.2211 0.1865 91.56 
3 IBMA 50% 0.2084 0.1738 74.74 
3 IBMA 50% 0.253 0.2184 93.92 
3 IBMA 50% 0.2573 0.2227 95.76 
3 IBMA 50% 0.2521 0.2175 93.53 
3 IBMA 25% 0.2528 0.2182 86.08 
3 IBMA 25% 0.2547 0.2201 86.83 
3 IBMA 25% 0.2568 0.2222 87.66 
3 IBMA 25% 0.2916 0.257 101.39 
3 IBMA 25% 0.2461 0.2115 103.83 
3 IBMA 25% 0.2189 0.1843 90.48 
3 IBMA 25% 0.1936 0.159 78.06 
3 IBMA 25% 0.199 0.1644 80.71 
3 IBMA 25% 0.2492 0.2146 92.28 
3 IBMA 25% 0.2736 0.239 102.77 
3 IBMA 25% 0.3229 0.2883 123.97 
3 IBMA 25% 0.2728 0.2382 102.43 
3 IBMA 10% 0.2568 0.2222 87.66 
3 IBMA 10% 0.2853 0.2507 98.9 
3 IBMA 10% 0.2537 0.2191 86.43 
3 IBMA 10% 0.2892 0.2546 100.44 
3 IBMA 10% 0.2092 0.1746 85.71 
3 IBMA 10% 0.2106 0.176 86.4 
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3 IBMA 10% 0.236 0.2014 98.87 
3 IBMA 10% 0.2519 0.2173 106.68 
3 IBMA 10% 0.2574 0.2228 95.81 
3 IBMA 10% 0.2558 0.2212 95.12 
3 IBMA 10% 0.2929 0.2583 111.07 
3 IBMA 10% 0.2629 0.2283 98.17 
3 HDMA 100% 0.1203 0.0857 33.81 
3 HDMA 100% 0.1238 0.0892 35.19 
3 HDMA 100% 0.0984 0.0638 25.17 
3 HDMA 100% 0.1222 0.0876 34.56 
3 HDMA 100% 0.065 0.0304 14.92 
3 HDMA 100% 0.0694 0.0348 17.08 
3 HDMA 100% 0.0661 0.0315 15.46 
3 HDMA 100% 0.0545 0.0199 9.77 
3 HDMA 100% 0.081 0.0464 19.95 
3 HDMA 100% 0.1182 0.0836 35.95 
3 HDMA 100% 0.0836 0.049 21.07 
3 HDMA 100% 0.0878 0.0532 22.88 
3 HDMA 50% 0.211 0.1764 69.59 
3 HDMA 50% 0.2908 0.2562 101.07 
3 HDMA 50% 0.2135 0.1789 70.58 
3 HDMA 50% 0.2207 0.1861 73.42 
3 HDMA 50% 0.1769 0.1423 69.86 
3 HDMA 50% 0.1741 0.1395 68.48 
3 HDMA 50% 0.169 0.1344 65.98 
3 HDMA 50% 0.1702 0.1356 66.57 
3 HDMA 50% 0.2886 0.254 109.22 
3 HDMA 50% 0.2338 0.1992 85.66 
3 HDMA 50% 0.2437 0.2091 89.92 
3 HDMA 50% 0.2244 0.1898 81.62 
3 HDMA 25% 0.257 0.2224 87.74 
3 HDMA 25% 0.2553 0.2207 87.07 
3 HDMA 25% 0.2405 0.2059 81.23 
3 HDMA 25% 0.1986 0.164 64.7 
3 HDMA 25% 0.1924 0.1578 77.47 
3 HDMA 25% 0.1684 0.1338 65.68 
3 HDMA 25% 0.178 0.1434 70.4 
3 HDMA 25% 0.1692 0.1346 66.08 
3 HDMA 25% 0.2553 0.2207 94.9 
3 HDMA 25% 0.2688 0.2342 100.71 
3 HDMA 25% 0.2662 0.2316 99.59 
3 HDMA 25% 0.2513 0.2167 93.18 
3 HDMA 10% 0.259 0.2244 88.53 
3 HDMA 10% 0.2544 0.2198 86.71 
3 HDMA 10% 0.2547 0.2201 86.83 
3 HDMA 10% 0.2246 0.19 74.95 
3 HDMA 10% 0.1944 0.1598 78.45 
3 HDMA 10% 0.1625 0.1279 62.79 
3 HDMA 10% 0.1792 0.1446 70.99 
3 HDMA 10% 0.1695 0.1349 66.22 
3 HDMA 10% 0.1934 0.1588 68.29 
3 HDMA 10% 0.2104 0.1758 75.6 
3 HDMA 10% 0.2237 0.1891 81.32 
3 HDMA 10% 0.2388 0.2042 87.81 
3 MA 100% 0.2389 0.2043 80.6 
3 MA 100% 0.2269 0.1923 75.86 
3 MA 100% 0.2317 0.1971 77.76 
3 MA 100% 0.2226 0.188 74.17 
3 MA 100% 0.218 0.1834 90.03 
3 MA 100% 0.2016 0.167 81.98 
3 MA 100% 0.1851 0.1505 73.88 
3 MA 100% 0.2111 0.1765 86.65 
3 MA 100% 0.2451 0.2105 90.52 
3 MA 100% 0.2114 0.1768 76.03 
3 MA 100% 0.2591 0.2245 96.54 
3 MA 100% 0.275 0.2404 103.38 
3 MA 50% 0.2334 0.1988 78.43 
3 MA 50% 0.2243 0.1897 74.84 
3 MA 50% 0.2894 0.2548 100.52 
3 MA 50% 0.2433 0.2087 82.33 
3 MA 50% 0.2072 0.1726 84.73 
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3 MA 50% 0.2351 0.2005 98.43 
3 MA 50% 0.2021 0.1675 82.23 
3 MA 50% 0.2239 0.1893 92.93 
3 MA 50% 0.264 0.2294 98.65 
3 MA 50% 0.2811 0.2465 106 
3 MA 50% 0.2742 0.2396 103.03 
3 MA 50% 0.286 0.2514 108.11 
3 MA 25% 0.2666 0.232 91.52 
3 MA 25% 0.2359 0.2013 79.41 
3 MA 25% 0.2901 0.2555 100.79 
3 MA 25% 0.2079 0.1733 68.37 
3 MA 25% 0.2212 0.1866 91.61 
3 MA 25% 0.2148 0.1802 88.46 
3 MA 25% 0.19 0.1554 76.29 
3 MA 25% 0.2 0.1654 81.2 
3 MA 25% 0.2141 0.1795 77.19 
3 MA 25% 0.2631 0.2285 98.26 
3 MA 25% 0.3263 0.2917 125.44 
3 MA 25% 0.261 0.2264 97.36 
3 MA 10% 0.2903 0.2557 100.87 
3 MA 10% 0.2763 0.2417 95.35 
3 MA 10% 0.2716 0.237 93.5 
3 MA 10% 0.2592 0.2246 88.6 
3 MA 10% 0.2511 0.2165 106.28 
3 MA 10% 0.2298 0.1952 95.83 
3 MA 10% 0.1782 0.1436 70.5 
3 MA 10% 0.2107 0.1761 86.45 
3 MA 10% 0.2636 0.229 98.47 
3 MA 10% 0.2339 0.1993 85.7 
3 MA 10% 0.2503 0.2157 92.75 
3 MA 10% 0.2835 0.2489 107.03 
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5. Flexural strength and Hardness of Kooliner specimens 
Local of 
Indentation 
Number 
specimen 
Treatment 
Load at Yield 
(KN) 
Stress at Yield 
(Mpa) 
Modulus 
(Mpa) 
Width 
(mm) 
Depht 
(mm) 
Flexural Strenght 
(Mpa) 
Hardness 
(VHN) 
KF1.1 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 3.7 
KF1.2 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 3.7 
KF1.3 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 1.7 
KF1.4 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 1.2 
KF1.5 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 0.7 
KF1.6 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 0.6 
KF1.7 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 0.6 
KF1.8 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 0.7 
KF1.9 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 1 
KF1.10 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 1.3 
KF1.11 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 3.2 
KF1.12 1 Control 0.0573 40.22 893.2 10.12 3.25 40.2 3.2 
KF2.1 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 2 
KF2.2 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 0.8 
KF2.3 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 2.5 
KF2.4 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 2.4 
KF2.5 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 3 
KF2.6 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 3.1 
KF2.7 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 2.6 
KF2.8 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 2.2 
KF2.9 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 1.8 
KF2.10 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 1.2 
KF2.11 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 1.4 
KF2.12 2 Control 0.0709 43.15 993.3 10.33 3.09 43.13 1.5 
KF3.1 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 1.3 
KF3.2 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 3 
KF3.3 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 1.6 
KF3.4 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 2 
KF3.5 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 3 
KF3.6 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 3.2 
KF3.7 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 3.4 
KF3.8 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 3.2 
KF3.9 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 3.2 
KF3.10 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 3.2 
KF3.11 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 2 
KF3.12 3 Control 0.0531 32.01 669.4 10.17 3.06 32.02 1.1 
KF4.1 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 2 
KF4.2 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 0.9 
KF4.3 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 0.7 
KF4.4 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 0.7 
KF4.5 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 0.7 
KF4.6 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 0.8 
KF4.7 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 0.8 
KF4.8 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 0.7 
KF4.9 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 0.8 
KF4.10 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 1 
KF4.11 4 Control 0.0615 39.75 897.9 10.04 3.03 39.78 1.1 
KF4.12 4 Control 0.0615 39.75 897.9 10.47 3.03 39.78 1.3 
KF5.1 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 2.2 
KF5.2 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 1.1 
KF5.3 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 2.3 
KF5.4 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 2.3 
KF5.5 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 3 
KF5.6 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 2.5 
KF5.7 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 2.3 
KF5.8 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 2.3 
KF5.9 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 2 
KF5.10 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 3 
KF5.11 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 1.3 
KF5.12 5 Control 0.0628 41.06 899.4 10.02 3.08 40.98 2.2 
KF6.1 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 1.3 
KF6.2 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 1.6 
KF6.3 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 3.2 
KF6.4 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 2.1 
KF6.5 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 2.3 
KF6.6 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 2.3 
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Local of 
Indentation 
Number 
specimen 
Treatment 
Load at Yield 
(KN) 
Stress at Yield 
(Mpa) 
Modulus 
(Mpa) 
Width 
(mm) 
Depht 
(mm) 
Flexural Strenght 
(Mpa) 
Hardness 
(VHN) 
KF6.7 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 3.2 
KF6.8 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 2.3 
KF6.9 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 2.3 
KF6.10 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 2.4 
KF6.11 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 2.2 
KF6.12 6 Control 0.0603 41.36 971.1 10.33 3.29 41.35 1.3 
KF7.1 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 2.7 
KF7.2 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 1.1 
KF7.3 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 0.8 
KF7.4 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 1.3 
KF7.5 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 0.7 
KF7.6 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 0.7 
KF7.7 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 0.8 
KF7.8 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 0.7 
KF7.9 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 0.9 
KF7.10 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 2.1 
KF7.11 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 1.1 
KF7.12 7 Control 0.0518 39.51 911.8 10.1 3.12 39.51 1 
KF8.1 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 1 
KF8.2 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 1 
KF8.3 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 2.3 
KF8.4 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 3.2 
KF8.5 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 3.1 
KF8.6 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 2.4 
KF8.7 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 2.5 
KF8.8 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 2.6 
KF8.9 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 2.7 
KF8.10 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 2.3 
KF8.11 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 1.9 
KF8.12 8 Control 0.0592 41.77 1035 9.96 3.12 41.78 1 
KG1.1 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 0.7 
KG1.2 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 0.6 
KG1.3 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 1.3 
KG1.4 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 2 
KG1.5 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 3.4 
KG1.6 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 4.1 
KG1.7 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 3.6 
KG1.8 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 3.5 
KG1.9 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 1.6 
KG1.10 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 1.2 
KG1.11 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 1 
KG1.12 1 Water 0.0585 44.57 1233 9.90 3.15 44.54 0.9 
KG2.1 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 0.9 
KG2.2 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 0.9 
KG2.3 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 0.9 
KG2.4 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 0.9 
KG2.5 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 0.8 
KG2.6 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 0.8 
KG2.7 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 0.8 
KG2.8 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 0.9 
KG2.9 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 1 
KG2.10 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 1.1 
KG2.11 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 1.1 
KG2.12 2 Water 0.0695 49.51 1273 9.94 3.15 49.51 2.3 
KG3.1 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 1.1 
KG3.2 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 1 
KG3.3 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 0.9 
KG3.4 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 0.9 
KG3.5 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 1 
KG3.6 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 0.9 
KG3.7 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 1 
KG3.8 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 1 
KG3.9 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 1.1 
KG3.10 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 1 
KG3.11 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 1.1 
KG3.12 3 Water 0.0677 52.51 1339 9.95 3.15 52.52 1 
KG4.1 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 1 
KG4.2 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 1.1 
KG4.3 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 1.9 
KG4.4 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 1.4 
KG4.5 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 2.8 
KG4.6 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 2 
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Local of 
Indentation  
Number 
specimen 
Treatment 
Load at Yield 
(KN) 
Stress at Yield 
(Mpa) 
Modulus 
(Mpa) 
Width 
(mm) 
Depht 
(mm 
Flexural Strenght 
(Mpa) 
Hardness 
(VHN) 
KG4.7 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 2.1 
KG4.8 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 2.1 
KG4.9 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 2.3 
KG4.10 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 1.4 
KG4.11 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 1.1 
KG4.12 4 Water 0.0637 52.59 1346 10.14 2.99 52.57 1.2 
KG5.1 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 1.3 
KG5.2 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 0.8 
KG5.3 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 0.9 
KG5.4 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 1 
KG5.5 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 1.5 
KG5.6 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 1.2 
KG5.7 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 1.2 
KG5.8 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 1.1 
KG5.9 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 1 
KG5.10 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 1.1 
KG5.11 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 0.9 
KG5.12 5 Water 0.0715 52.24 1320 10.10 3.08 52.25 1 
KG6.1 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1.1 
KG6.2 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1.1 
KG6.3 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1.2 
KG6.4 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1.8 
KG6.5 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1.2 
KG6.6 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1.4 
KG6.7 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1 
KG6.8 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1 
KG6.9 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1.5 
KG6.10 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1.1 
KG6.11 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1 
KG6.12 6 Water 0.0661 47.97 1270 10.09 3.2 47.95 1.3 
KG7.1 7 Water 0.063 46.32 1315 9.94 3.02 46.31 1.1 
KG7.2 7 Water 0.063 46.32 1315 9.94 3.02 46.31 1 
KG7.3 7 Water 0.063 46.32 1315 9.94 3.02 46.31 1.5 
KG7.4 7 Water 0.063 46.32 1315 9.94 3.02 46.31 2.1 
KG7.5 7 Water 0.063 46.32 1315 9.94 3.02 46.31 3.1 
KG7.6 7 Water 0.063 46.32 1315 9.94 3.02 46.31 3 
KG7.7 7 Water 0.063 46.32 1315 9.94 3.02 46.31 2.3 
KG7.8 7 Water 0.063 46.32 1315 9.94 3.02 46.31 4 
KG7.9 7 Water 0.063 46.32 1315 9.94 3.02 46.31 1.6 
KG7.10 7 Water 0.063 46.32 1315 9.94 3.02 46.31 1.8 
KG7.11 7 Water 0.063 46.32 1315 9.94 3.02 46.31 1.2 
KG7.12 7 Water 0.063 46.32 1315 9.94 3.02 46.31 4.5 
KG8.1 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 1 
KG8.2 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 2.4 
KG8.3 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 2.7 
KG8.4 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 2.4 
KG8.5 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 1.9 
KG8.6 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 3.3 
KG8.7 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 1.9 
KG8.8 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 2.3 
KG8.9 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 3.6 
KG8.10 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 3.4 
KG8.11 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 2 
KG8.12 8 Water 0.0559 40.07 1287 10.05 3.02 40.04 2.1 
KH1.1 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 1.4 
KH1.2 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 2.2 
KH1.3 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 1.5 
KH1.4 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 1.2 
KH1.5 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 2 
KH1.6 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 1.5 
KH1.7 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 2 
KH1.8 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 1.6 
KH1.9 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 2.1 
KH1.10 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 1.5 
KH1.11 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 1.3 
KH1.12 1 Ethanol 20% 0.0659 48.55 1287 10.25 3.15 48.58 1.2 
KH2.1 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.2 
KH2.2 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
KH2.3 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
KH2.4 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
KH2.5 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
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KH2.6 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
KH2.7 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
KH2.8 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
KH2.9 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
KH2.10 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
KH2.11 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.4 
KH2.12 2 Ethanol 20% 0.0632 47.62 1313 10.12 3.07 47.59 1.3 
KH3.1 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.5 
KH3.2 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.5 
KH3.3 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.4 
KH3.4 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.5 
KH3.5 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.4 
KH3.6 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.4 
KH3.7 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.4 
KH3.8 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.3 
KH3.9 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.5 
KH3.10 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.6 
KH3.11 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.6 
KH3.12 3 Ethanol 20% 0.071 50.55 1221 9.98 3.07 50.28 1.7 
KH4.1 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 1.2 
KH4.2 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 1.2 
KH4.3 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 2.1 
KH4.4 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 5.2 
KH4.5 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 3.4 
KH4.6 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 3.7 
KH4.7 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 3.5 
KH4.8 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 4.6 
KH4.9 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 2.3 
KH4.10 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 3.4 
KH4.11 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 1.2 
KH4.12 4 Ethanol 20% 0.0571 42.84 951.7 10.07 3.15 42.86 1.2 
KH5.1 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.3 
KH5.2 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.2 
KH5.3 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.1 
KH5.4 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.3 
KH5.5 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.2 
KH5.6 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.3 
KH5.7 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.8 
KH5.8 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.1 
KH5.9 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.2 
KH5.10 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.1 
KH5.11 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.5 
KH5.12 5 Ethanol 20% 0.0636 44.1 1004 10.21 3.02 44.13 1.1 
KH6.1 6 Ethanol 20% 0.0661 46.23 1084 10.16. 3.02 46.26 3 
KH6.2 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.9 
KH6.3 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.4 
KH6.4 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.2 
KH6.5 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.5 
KH6.6 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.3 
KH6.7 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.3 
KH6.8 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.4 
KH6.9 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.3 
KH6.10 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.5 
KH6.11 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.3 
KH6.12 6 Ethanol 20% 0.0661 46.23 1084 10.16 3.02 46.26 1.7 
KH7.1 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.3 
KH7.2 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.3 
KH7.3 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.4 
KH7.4 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.4 
KH7.5 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.5 
KH7.6 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 2.2 
KH7.7 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.5 
KH7.8 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 2.4 
KH7.9 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.4 
KH7.10 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.3 
KH7.11 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.6 
KH7.12 7 Ethanol 20% 0.062 45.04 1063 10.25 3.02 45.05 1.5 
KH8.1 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.6 
KH8.2 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.1 
KH8.3 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.1 
KH8.4 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.5 
KH8.5 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.1 
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KH8.6 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.1 
KH8.7 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.4 
KH8.8 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.2 
KH8.9 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.3 
KH8.10 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.1 
KH8.11 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.1 
KH8.12 8 Ethanol 20% 0.0624 43.4 1004 10.23 3.02 43.37 1.1 
KI1.1 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 1.5 
KI1.2 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 1.9 
KI1.3 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 4.9 
KI1.4 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 4.1 
KI1.5 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 1.8 
KI1.6 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 1.2 
KI1.7 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 1.5 
KI1.8 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 1.8 
KI1.9 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 3.1 
KI1.10 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 4.7 
KI1.11 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 1.5 
KI1.12 1 Ethanol 50% 0.0739 52.17 1241 10.23 3.03 52.2 1.2 
KI2.1 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.5 
KI2.2 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.7 
KI2.3 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 3.1 
KI2.4 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.5 
KI2.5 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.5 
KI2.6 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.5 
KI2.7 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.3 
KI2.8 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 2.3 
KI2.9 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.7 
KI2.10 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.6 
KI2.11 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.2 
KI2.12 2 Ethanol 50% 0.0725 51.89 1241 10.18 3.07 51.91 1.5 
KI3.1 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 1.2 
KI3.2 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 1.6 
KI3.3 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 2.9 
KI3.4 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 2.5 
KI3.5 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 3.2 
KI3.6 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 1.3 
KI3.7 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 1.4 
KI3.8 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 4 
KI3.9 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 2.6 
KI3.10 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 2.4 
KI3.11 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 1.7 
KI3.12 3 Ethanol 50% 0.0723 52.99 1316 10.4 3.07 52.99 1.3 
KI4.1 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 1.5 
KI4.2 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 2 
KI4.3 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 2.4 
KI4.4 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 3 
KI4.5 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 1.8 
KI4.6 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 1.2 
KI4.7 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 1.4 
KI4.8 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 3.1 
KI4.9 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 2.4 
KI4.10 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 2.2 
KI4.11 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 1.7 
KI4.12 4 Ethanol 50% 0.068 53.23 1312 10.01 3.07 32.92 1.2 
KI5.1 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 1.4 
KI5.2 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 2 
KI5.3 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 2.5 
KI5.4 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 2.1 
KI5.5 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 1.6 
KI5.6 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 1 
KI5.7 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 1.2 
KI5.8 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 2.4 
KI5.9 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 2.1 
KI5.10 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 5.2 
KI5.11 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 1.5 
KI5.12 5 Ethanol 50% 0.0726 49.64 1174 10.39 3.25 49.62 1.1 
KI6.1 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 7.3 
KI6.2 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 5.5 
KI6.3 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 2.8 
KI6.4 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 2.4 
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KI6.5 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 1.7 
KI6.6 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 1.2 
KI6.7 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 1.4 
KI6.8 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 2.7 
KI6.9 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 3 
KI6.10 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 2.6 
KI6.11 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 1.5 
KI6.12 6 Ethanol 50% 0.0779 51.21 1204 10.03 3.33 51.22 1.2 
KI7.1 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 1.2 
KI7.2 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 1.8 
KI7.3 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 2.7 
KI7.4 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 3 
KI7.5 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 2.2 
KI7.6 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 1.4 
KI7.7 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 1.1 
KI7.8 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 1.6 
KI7.9 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 3 
KI7.10 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 2.8 
KI7.11 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 2.2 
KI7.12 7 Ethanol 50% 0.0686 51.75 1259 10.04 3.14 51.75 1.2 
KI8.1 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 7.1 
KI8.2 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 3 
KI8.3 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 2.6 
KI8.4 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 2.5 
KI8.5 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 1.4 
KI8.6 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 1.2 
KI8.7 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 2.8 
KI8.8 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 2.3 
KI8.9 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 2.9 
KI8.10 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 2.6 
KI8.11 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 1.6 
KI8.12 8 Ethanol 50% 0.0686 50.56 1229 10.13 3.16 50.6 1.2 
KJ1.1 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 0.8 
KJ1.2 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 0.8 
KJ1.3 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 2.3 
KJ1.4 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 2 
KJ1.5 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 1.7 
KJ1.6 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 1.7 
KJ1.7 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 1.8 
KJ1.8 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 1.6 
KJ1.9 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 1.1 
KJ1.10 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 0.9 
KJ1.11 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 1.5 
KJ1.12 1 Ethanol 70% 0.06 42.52 1006.4 10.06 3.18 42.82 0.8 
KJ2.1 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.6 
KJ2.2 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.7 
KJ2.3 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.6 
KJ2.4 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.7 
KJ2.5 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.6 
KJ2.6 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.8 
KJ2.7 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.6 
KJ2.8 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.9 
KJ2.9 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.7 
KJ2.10 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 1 
KJ2.11 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 0.7 
KJ2.12 2 Ethanol 70% 0.059 39.41 870.3 10.18 3.31 39.65 2 
KJ3.1 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.7 
KJ3.2 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.5 
KJ3.3 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.7 
KJ3.4 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.8 
KJ3.5 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 1.1 
KJ3.6 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.9 
KJ3.7 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.9 
KJ3.8 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 1.2 
KJ3.9 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.8 
KJ3.10 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.6 
KJ3.11 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.5 
KJ3.12 3 Ethanol 70% 0.06 41.74 941.5 10.18 3.27 41.73 0.6 
KJ4.1 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.7 
KJ4.2 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.8 
KJ4.3 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.9 
KJ4.4 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.8 
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Local of 
Indentation  
Number 
specimen 
Treatment 
Load at Yield 
(KN) 
Stress at Yield 
(Mpa) 
Modulus 
(Mpa) 
Width 
(mm) 
Depht 
(mm 
Flexural Strenght 
(Mpa) 
Hardness 
(VHN) 
KJ4.5 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.9 
KJ4.6 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.8 
KJ4.7 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.8 
KJ4.8 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.8 
KJ4.9 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.7 
KJ4.10 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.6 
KJ4.11 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.5 
KJ4.12 4 Ethanol 70% 0.063 41.89 963.6 10.13 3.27 41.65 0.6 
KJ5.1 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 1 
KJ5.2 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 0.9 
KJ5.3 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 1.3 
KJ5.4 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 1.1 
KJ5.5 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 1.2 
KJ5.6 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 1 
KJ5.7 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 1.4 
KJ5.8 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 1.5 
KJ5.9 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 1.4 
KJ5.10 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 1.31 
KJ5.11 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 0.91 
KJ5.12 5 Ethanol 70% 0.058 42.69 1002.2 10.13 3.14 42.85 0.81 
KJ6.1 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 1 
KJ6.2 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 0.6 
KJ6.3 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 0.6 
KJ6.4 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 0.5 
KJ6.5 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 0.8 
KJ6.6 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 0.6 
KJ6.7 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 0.7 
KJ6.8 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 1.1 
KJ6.9 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 0.7 
KJ6.10 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 0.7 
KJ6.11 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 0.7 
KJ6.12 6 Ethanol 70% 0.063 46.39 1103.2 10.26 3.14 46.51 1.4 
KJ7.1 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 0.8 
KJ7.2 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 0.8 
KJ7.3 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 1 
KJ7.4 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 3.3 
KJ7.5 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 1.4 
KJ7.6 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 1.1 
KJ7.7 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 1.5 
KJ7.8 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 0.1 
KJ7.9 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 0.7 
KJ7.10 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 0.8 
KJ7.11 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 0.7 
KJ7.12 7 Ethanol 70% 0.061 43.5 1031.8 10.25 3.14 43.68 0.9 
KJ8.1 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 0.8 
KJ8.2 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 0.8 
KJ8.3 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 0.8 
KJ8.4 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 0.7 
KJ8.5 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 0.9 
KJ8.6 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 0.8 
KJ8.7 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 1.1 
KJ8.8 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 0.9 
KJ8.9 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 4 
KJ8.10 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 4.2 
KJ8.11 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 4.5 
KJ8.12 8 Ethanol 70% 0.036 43.26 1145.7 10.1 3.07 43.7 5.6 
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6. Flexural strength and Hardness of Ufi Gel Hard specimens 
Local of 
Indentation  
Number 
specimen 
Treatment 
Load at 
Yield 
(KN) 
Stress at Yield 
(Mpa) 
Modulus 
(Mpa) 
Width 
(mm) 
Depht 
(mm) 
Flexural Strenght 
(Mpa) 
Hardness 
(VHN) 
UF1.1 1 control 0.057 42.47 1512 10.077 3.16 42.49 3.04 
UF1.2 1 control 0.057 42.47 1512 10.077 3.16 42.49 7.78 
UF1.3 1 control 0.057 42.47 1512 10.077 3.16 42.49 4.18 
UF1.4 1 control 0.057 42.47 1512 10.077 3.16 42.49 3.8 
UF1.5 1 control 0.057 42.47 1512 10.077 3.16 42.49 3.23 
UF1.6 1 control 0.057 42.47 1512 10.077 3.16 42.49 6.27 
UF1.7 1 control 0.057 42.47 1512 10.077 3.16 42.49 6.64 
UF1.8 1 control 0.057 42.47 1512 10.077 3.16 42.49 8.35 
UF1.9 1 control 0.057 42.47 1512 10.077 3.16 42.49 5.89 
UF1.10 1 control 0.057 42.47 1512 10.077 3.16 42.49 5.7 
UF1.11 1 control 0.057 42.47 1512 10.077 3.16 42.49 4.75 
UF1.12 1 control 0.057 42.47 1512 10.077 3.16 42.49 3.42 
UF2.1 2 control 0.0562 41.62 1.543 10 3.16 41.81 4.18 
UF2.2 2 control 0.0562 41.62 1.543 10 3.16 41.81 5.32 
UF2.3 2 control 0.0562 41.62 1.543 10 3.16 41.81 4.75 
UF2.4 2 control 0.0562 41.62 1.543 10 3.16 41.81 4.37 
UF2.5 2 control 0.0562 41.62 1.543 10 3.16 41.81 7.02 
UF2.6 2 control 0.0562 41.62 1.543 10 3.16 41.81 6.08 
UF2.7 2 control 0.0562 41.62 1.543 10 3.16 41.81 4.56 
UF2.8 2 control 0.0562 41.62 1.543 10 3.16 41.81 4.56 
UF2.9 2 control 0.0562 41.62 1.543 10 3.16 41.81 5.32 
UF2.10 2 control 0.0562 41.62 1.543 10 3.16 41.81 4.75 
UF2.11 2 control 0.0562 41.62 1.543 10 3.16 41.81 4.37 
UF2.12 2 control 0.0562 41.62 1.543 10 3.16 41.81 3.99 
UF3.1 3 control 0.0458 33.92 1.586 10 3.167 33.89 2.28 
UF3.2 3 control 0.0458 33.92 1.586 10 3.167 33.89 2.66 
UF3.3 3 control 0.0458 33.92 1.586 10 3.167 33.89 2.85 
UF3.4 3 control 0.0458 33.92 1.586 10 3.167 33.89 3.04 
UF3.5 3 control 0.0458 33.92 1.586 10 3.167 33.89 2.47 
UF3.6 3 control 0.0458 33.92 1.586 10 3.167 33.89 2.85 
UF3.7 3 control 0.0458 33.92 1.586 10 3.167 33.89 2.47 
UF3.8 3 control 0.0458 33.92 1.586 10 3.167 33.89 2.85 
UF3.9 3 control 0.0458 33.92 1.586 10 3.167 33.89 3.42 
UF3.10 3 control 0.0458 33.92 1.586 10 3.167 33.89 3.8 
UF3.11 3 control 0.0458 33.92 1.586 10 3.167 33.89 4.94 
UF3.12 3 control 0.0458 33.92 1.586 10 3.167 33.89 3.23 
UF4.1 4 control 0.0582 42.01 1.569 10 3.19 41.98 5.51 
UF4.2 4 control 0.0582 42.01 1.569 10 3.19 41.98 7.78 
UF4.3 4 control 0.0582 42.01 1.569 10 3.19 41.98 2.47 
UF4.4 4 control 0.0582 42.01 1.569 10 3.19 41.98 3.8 
UF4.5 4 control 0.0582 42.01 1.569 10 3.19 41.98 4.94 
UF4.6 4 control 0.0582 42.01 1.569 10 3.19 41.98 3.8 
UF4.7 4 control 0.0582 42.01 1.569 10 3.19 41.98 5.51 
UF4.8 4 control 0.0582 42.01 1.569 10 3.19 41.98 7.02 
UF4.9 4 control 0.0582 42.01 1.569 10 3.19 41.98 2.85 
UF4.10 4 control 0.0582 42.01 1.569 10 3.19 41.98 6.27 
UF4.11 4 control 0.0582 42.01 1.569 10 3.19 41.98 2.85 
UF4.12 4 control 0.0582 42.01 1.569 10 3.19 41.98 2.47 
UF5.1 5 control 0.0596 43.43 1629 10 3.17 43.44 3.04 
UF5.2 5 control 0.0596 43.43 1629 10 3.17 43.44 2.47 
UF5.3 5 control 0.0596 43.43 1629 10 3.17 43.44 3.99 
UF5.4 5 control 0.0596 43.43 1629 10 3.17 43.44 6.08 
UF5.5 5 control 0.0596 43.43 1629 10 3.17 43.44 8.92 
UF5.6 5 control 0.0596 43.43 1629 10 3.17 43.44 8.35 
UF5.7 5 control 0.0596 43.43 1629 10 3.17 43.44 9.87 
UF5.8 5 control 0.0596 43.43 1629 10 3.17 43.44 8.35 
UF5.9 5 control 0.0596 43.43 1629 10 3.17 43.44 7.02 
UF5.10 5 control 0.0596 43.43 1629 10 3.17 43.44 8.16 
UF5.11 5 control 0.0596 43.43 1629 10 3.17 43.44 4.56 
UF5.12 5 control 0.0596 43.43 1629 10 3.17 43.44 3.23 
UF6.1 6 control 0.054 838.08 1.658 10.193 3.23 38.08 3.42 
UF6.2 6 control 0.054 838.08 1.658 10.193 3.23 38.08 3.42 
UF6.3 6 control 0.054 838.08 1.658 10.193 3.23 38.08 7.4 
UF6.4 6 control 0.054 838.08 1.658 10.193 3.23 38.08 6.64 
UF6.5 6 control 0.054 838.08 1.658 10.193 3.23 38.08 8.16 
UF6.6 6 control 0.054 838.08 1.658 10.193 3.23 38.08 7.59 
UF6.7 6 control 0.054 838.08 1.658 10.193 3.23 38.08 9.49 
UF6.8 6 control 0.054 838.08 1.658 10.193 3.23 38.08 10.82 
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Local of 
Indentation  
Number 
specimen 
Treatment 
Load at 
Yield 
(KN) 
Stress at Yield 
(Mpa) 
Modulus 
(Mpa) 
Width 
(mm) 
Depht 
(mm) 
Flexural Strenght 
(Mpa) 
Hardness 
(VHN) 
UF6.9 6 control 0.054 838.08 1.658 10.193 3.23 38.08 6.64 
UF6.10 6 control 0.054 838.08 1.658 10.193 3.23 38.08 6.08 
UF6.11 6 control 0.054 838.08 1.658 10.193 3.23 38.08 4.56 
UF6.12 6 control 0.054 838.08 1.658 10.193 3.23 38.08 3.23 
UF7.1 7 control 0.0415 29.93 1678 10.063 3.213 29.95 2.85 
UF7.2 7 control 0.0415 29.93 1678 10.063 3.213 29.95 4.18 
UF7.3 7 control 0.0415 29.93 1678 10.063 3.213 29.95 5.51 
UF7.4 7 control 0.0415 29.93 1678 10.063 3.213 29.95 5.7 
UF7.5 7 control 0.0415 29.93 1678 10.063 3.213 29.95 10.25 
UF7.6 7 control 0.0415 29.93 1678 10.063 3.213 29.95 7.4 
UF7.7 7 control 0.0415 29.93 1678 10.063 3.213 29.95 9.68 
UF7.8 7 control 0.0415 29.93 1678 10.063 3.213 29.95 8.16 
UF7.9 7 control 0.0415 29.93 1678 10.063 3.213 29.95 7.21 
UF7.10 7 control 0.0415 29.93 1678 10.063 3.213 29.95 6.46 
UF7.11 7 control 0.0415 29.93 1678 10.063 3.213 29.95 3.04 
UF7.12 7 control 0.0415 29.93 1678 10.063 3.213 29.95 3.04 
UF8.1 8 control 0.0531 39.29 1651 10 3.18 39.28 2.85 
UF8.2 8 control 0.0531 39.29 1651 10 3.18 39.28 3.04 
UF8.3 8 control 0.0531 39.29 1651 10 3.18 39.28 7.02 
UF8.4 8 control 0.0531 39.29 1651 10 3.18 39.28 4.94 
UF8.5 8 control 0.0531 39.29 1651 10 3.18 39.28 7.97 
UF8.6 8 control 0.0531 39.29 1651 10 3.18 39.28 7.97 
UF8.7 8 control 0.0531 39.29 1651 10 3.18 39.28 8.92 
UF8.8 8 control 0.0531 39.29 1651 10 3.18 39.28 8.54 
UF8.9 8 control 0.0531 39.29 1651 10 3.18 39.28 3.23 
UF8.10 8 control 0.0531 39.29 1651 10 3.18 39.28 6.08 
UF8.11 8 control 0.0531 39.29 1651 10 3.18 39.28 3.23 
UF8.12 8 control 0.0531 39.29 1651 10 3.18 39.28 3.04 
UG1.1 1 water 0.0639 46.41 1.580 10 3.203 46.43 2.09 
UG1.2 1 water 0.0639 46.41 1.580 10 3.203 46.43 2.66 
UG1.3 1 water 0.0639 46.41 1.580 10 3.203 46.43 2.28 
UG1.4 1 water 0.0639 46.41 1.580 10 3.203 46.43 2.09 
UG1.5 1 water 0.0639 46.41 1.580 10 3.203 46.43 1.9 
UG1.6 1 water 0.0639 46.41 1.580 10 3.203 46.43 2.28 
UG1.7 1 water 0.0639 46.41 1.580 10 3.203 46.43 2.09 
UG1.8 1 water 0.0639 46.41 1.580 10 3.203 46.43 2.28 
UG1.9 1 water 0.0639 46.41 1.580 10 3.203 46.43 2.09 
UG1.10 1 water 0.0639 46.41 1.580 10 3.203 46.43 1.9 
UG1.11 1 water 0.0639 46.41 1.580 10 3.203 46.43 1.9 
UG1.12 1 water 0.0639 46.41 1.580 10 3.203 46.43 1.9 
UG2.1 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.09 
UG2.2 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.28 
UG2.3 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.28 
UG2.4 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.28 
UG2.5 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.09 
UG2.6 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.09 
UG2.7 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.85 
UG2.8 2 water 0.0681 48.74 1.730 10 3.23 48.76 3.8 
UG2.9 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.66 
UG2.10 2 water 0.0681 48.74 1.730 10 3.23 48.76 4.18 
UG2.11 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.28 
UG2.12 2 water 0.0681 48.74 1.730 10 3.23 48.76 2.28 
UG3.1 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.28 
UG3.2 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.47 
UG3.3 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.09 
UG3.4 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.09 
UG3.5 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.09 
UG3.6 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.09 
UG3.7 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.09 
UG3.8 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.47 
UG3.9 3 water 0.0598 42.77 1.619 10 3.25 42.78 3.23 
UG3.10 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.09 
UG3.11 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.09 
UG3.12 3 water 0.0598 42.77 1.619 10 3.25 42.78 2.28 
UG4.1 4 water 0.0593 42.17 1.688 10 3.24 42.16 2.28 
UG4.2 4 water 0.0593 42.17 1.688 10 3.24 42.16 2.28 
UG4.3 4 water 0.0593 42.17 1.688 10 3.24 42.16 2.28 
UG4.4 4 water 0.0593 42.17 1.688 10 3.24 42.16 2.28 
UG4.5 4 water 0.0593 42.17 1.688 10 3.24 42.16 2.47 
UG4.6 4 water 0.0593 42.17 1.688 10 3.24 42.16 3.99 
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Local of 
Indentation  
Number 
specimen 
Treatment 
Load at 
Yield 
(KN) 
Stress at Yield 
(Mpa) 
Modulus 
(Mpa) 
Width 
(mm) 
Depht 
(mm) 
Flexural Strenght 
(Mpa) 
Hardness 
(VHN) 
UG4.7 4 water 0.0593 42.17 1.688 10 3.24 42.16 2.66 
UG4.8 4 water 0.0593 42.17 1.688 10 3.24 42.16 3.99 
UG4.9 4 water 0.0593 42.17 1.688 10 3.24 42.16 2.66 
UG4.10 4 water 0.0593 42.17 1.688 10 3.24 42.16 3.23 
UG4.11 4 water 0.0593 42.17 1.688 10 3.24 42.16 3.61 
UG4.12 4 water 0.0593 42.17 1.688 10 3.24 42.16 2.09 
UG5.1 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.28 
UG5.2 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.28 
UG5.3 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.66 
UG5.4 5 water 0.0547 39.22 1.611 10 3.237 39.23 3.61 
UG5.5 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.28 
UG5.6 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.47 
UG5.7 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.28 
UG5.8 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.28 
UG5.9 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.28 
UG5.10 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.28 
UG5.11 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.28 
UG5.12 5 water 0.0547 39.22 1.611 10 3.237 39.23 2.47 
UG6.1 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 2.66 
UG6.2 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 2.47 
UG6.3 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 3.04 
UG6.4 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 3.42 
UG6.5 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 2.66 
UG6.6 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 5.13 
UG6.7 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 4.75 
UG6.8 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 2.28 
UG6.9 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 2.66 
UG6.10 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 2.28 
UG6.11 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 2.28 
UG6.12 6 water 0.0517 38.75 1.732 10.033 3.157 38.78 3.61 
UG7.1 7 water 0.0617 44.62 1.676 10 3.223 44.6 2.28 
UG7.2 7 water 0.0617 44.62 1.676 10 3.223 44.6 2.66 
UG7.3 7 water 0.0617 44.62 1.676 10 3.223 44.6 2.28 
UG7.4 7 water 0.0617 44.62 1.676 10 3.223 44.6 2.66 
UG7.5 7 water 0.0617 44.62 1.676 10 3.223 44.6 2.28 
UG7.6 7 water 0.0617 44.62 1.676 10 3.223 44.6 2.47 
UG7.7 7 water 0.0617 44.62 1.676 10 3.223 44.6 4.18 
UG7.8 7 water 0.0617 44.62 1.676 10 3.223 44.6 3.23 
UG7.9 7 water 0.0617 44.62 1.676 10 3.223 44.6 3.8 
UG7.10 7 water 0.0617 44.62 1.676 10 3.223 44.6 3.23 
UG7.11 7 water 0.0617 44.62 1.676 10 3.223 44.6 2.85 
UG7.12 7 water 0.0617 44.62 1.676 10 3.223 44.6 2.09 
UG8.1 8 water 0.0571 44.77 1.775 10 3.087 44.81 2.28 
UG8.2 8 water 0.0571 44.77 1.775 10 3.087 44.81 2.28 
UG8.3 8 water 0.0571 44.77 1.775 10 3.087 44.81 3.61 
UG8.4 8 water 0.0571 44.77 1.775 10 3.087 44.81 3.99 
UG8.5 8 water 0.0571 44.77 1.775 10 3.087 44.81 2.28 
UG8.6 8 water 0.0571 44.77 1.775 10 3.087 44.81 3.42 
UG8.7 8 water 0.0571 44.77 1.775 10 3.087 44.81 2.47 
UG8.8 8 water 0.0571 44.77 1.775 10 3.087 44.81 2.66 
UG8.9 8 water 0.0571 44.77 1.775 10 3.087 44.81 2.28 
UG8.10 8 water 0.0571 44.77 1.775 10 3.087 44.81 3.04 
UG8.11 8 water 0.0571 44.77 1.775 10 3.087 44.81 2.66 
UG8.12 8 water 0.0571 44.77 1.775 10 3.087 44.81 2.47 
UH1.1 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.09 
UH1.2 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.09 
UH1.3 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.09 
UH1.4 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 1.9 
UH1.5 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.28 
UH1.6 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.09 
UH1.7 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.09 
UH1.8 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.09 
UH1.9 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.09 
UH1.10 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.09 
UH1.11 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 3.42 
UH1.12 1 Ethanol 20% 0.0505 37.39 1.520 10.01 3.18 37.42 2.28 
UH2.1 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.28 
UH2.2 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.09 
UH2.3 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.09 
UH2.4 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.47 
UH2.5 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 3.04 
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UH2.6 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.47 
UH2.7 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.47 
UH2.8 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.28 
UH2.9 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.28 
UH2.10 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 3.04 
UH2.11 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.28 
UH2.12 2 Ethanol 20% 0.066 47.91 1.605 10 3.2 47.92 2.28 
UH3.1 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 3.04 
UH3.2 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.09 
UH3.3 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.09 
UH3.4 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.09 
UH3.5 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 1.9 
UH3.6 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.28 
UH3.7 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.66 
UH3.8 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.09 
UH3.9 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.28 
UH3.10 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.09 
UH3.11 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.28 
UH3.12 3 Ethanol 20% 0.0618 46.48 1.647 10 3.173 46.45 2.28 
UH4.1 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.09 
UH4.2 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.09 
UH4.3 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.09 
UH4.4 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.28 
UH4.5 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.09 
UH4.6 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.28 
UH4.7 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.09 
UH4.8 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.28 
UH4.9 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.09 
UH4.10 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.09 
UH4.11 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.09 
UH4.12 4 Ethanol 20% 0.0616 43.97 1702 10.07 3.23 43.98 2.09 
UH5.1 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 2.09 
UH5.2 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 2.09 
UH5.3 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 2.09 
UH5.4 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 1.9 
UH5.5 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 2.09 
UH5.6 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 2.09 
UH5.7 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 1.9 
UH5.8 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 1.9 
UH5.9 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 1.9 
UH5.10 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 1.9 
UH5.11 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 1.9 
UH5.12 5 Ethanol 20% 0.0631 43.77 1.585 10 3.233 43.79 2.09 
UH6.1 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.09 
UH6.2 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.09 
UH6.3 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.09 
UH6.4 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.09 
UH6.5 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.28 
UH6.6 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.28 
UH6.7 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.28 
UH6.8 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.47 
UH6.9 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.09 
UH6.10 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.28 
UH6.11 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.09 
UH6.12 6 Ethanol 20% 0.0566 39.17 1.714 10 3.263 39.18 2.28 
UH7.1 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.09 
UH7.2 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.47 
UH7.3 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.28 
UH7.4 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.47 
UH7.5 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.28 
UH7.6 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.47 
UH7.7 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.09 
UH7.8 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.09 
UH7.9 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 1.9 
UH7.10 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 3.04 
UH7.11 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.09 
UH7.12 7 Ethanol 20% 0.0619 42.89 1669 10 3.277 42.9 2.28 
UH8.1 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 2.09 
UH8.2 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 1.9 
UH8.3 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 1.71 
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UH8.4 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 2.28 
UH8.5 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 2.09 
UH8.6 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 1.9 
UH8.7 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 2.09 
UH8.8 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 2.09 
UH8.9 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 1.9 
UH8.10 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 1.9 
UH8.11 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 2.09 
UH8.12 8 Ethanol 20% 0.0589 42.9 1.596 10 3.203 42.88 1.9 
UI1.1 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 2.66 
UI1.2 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 2.85 
UI1.3 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 3.04 
UI1.4 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 3.8 
UI1.5 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 3.8 
UI1.6 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 3.42 
UI1.7 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 3.04 
UI1.8 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 3.42 
UI1.9 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 4.56 
UI1.10 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 2.85 
UI1.11 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 2.85 
UI1.12 1 Ethanol 50% 0.0469 40.78 1.626 10 2.95 40.81 2.47 
UI2.1 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.66 
UI2.2 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.66 
UI2.3 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.85 
UI2.4 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.66 
UI2.5 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.66 
UI2.6 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.85 
UI2.7 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.85 
UI2.8 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.85 
UI2.9 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 3.04 
UI2.10 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.66 
UI2.11 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.66 
UI2.12 2 Ethanol 50% 0.0288 21.56 1.678 10 3.173 21.54 2.66 
UI3.1 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 2.47 
UI3.2 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 3.23 
UI3.3 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 3.04 
UI3.4 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 5.32 
UI3.5 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 3.04 
UI3.6 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 4.75 
UI3.7 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 2.66 
UI3.8 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 3.61 
UI3.9 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 2.66 
UI3.10 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 2.47 
UI3.11 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 2.47 
UI3.12 3 Ethanol 50% 0.0459 32.58 1650 10 3.203 32.55 2.47 
UI4.1 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.85 
UI4.2 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 3.23 
UI4.3 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.66 
UI4.4 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.85 
UI4.5 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.66 
UI4.6 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 3.04 
UI4.7 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.47 
UI4.8 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.85 
UI4.9 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.66 
UI4.10 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.85 
UI4.11 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.66 
UI4.12 4 Ethanol 50% 0.0339 24.88 1.674 10 3.193 24.87 2.66 
UI5.1 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 2.66 
UI5.2 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 3.04 
UI5.3 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 2.85 
UI5.4 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 3.04 
UI5.5 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 3.42 
UI5.6 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 2.85 
UI5.7 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 2.47 
UI5.8 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 2.66 
UI5.9 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 2.66 
UI5.10 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 2.66 
UI5.11 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 2.85 
UI5.12 5 Ethanol 50% 0.0532 37.85 1676 10.013 3.243 37.88 2.85 
UI6.1 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.66 
UI6.2 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.85 
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UI6.3 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.85 
UI6.4 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.66 
UI6.5 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.85 
UI6.6 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.85 
UI6.7 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.47 
UI6.8 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.66 
UI6.9 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.47 
UI6.10 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.47 
UI6.11 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 2.66 
UI6.12 6 Ethanol 50% 0.0473 32.9 1.650 10.03 3.28 32.88 3.04 
UI7.1 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.85 
UI7.2 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.66 
UI7.3 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.66 
UI7.4 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.85 
UI7.5 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.47 
UI7.6 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.66 
UI7.7 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.47 
UI7.8 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.66 
UI7.9 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.28 
UI7.10 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.66 
UI7.11 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 2.47 
UI7.12 7 Ethanol 50% 0.0559 39.98 1580 10 3.23 40.01 3.23 
UI8.1 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 2.66 
UI8.2 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 2.66 
UI8.3 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 2.47 
UI8.4 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 2.47 
UI8.5 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 2.47 
UI8.6 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 2.66 
UI8.7 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 3.42 
UI8.8 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 3.42 
UI8.9 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 2.66 
UI8.10 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 1.33 
UI8.11 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 2.47 
UI8.12 8 Ethanol 50% 0.0471 35.53 1.620 9.93 3.163 35.55 2.47 
UJ1.1 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.61 
UJ1.2 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.23 
UJ1.3 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.61 
UJ1.4 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.99 
UJ1.5 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.61 
UJ1.6 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.61 
UJ1.7 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.8 
UJ1.8 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 4.18 
UJ1.9 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.42 
UJ1.10 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.04 
UJ1.11 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.04 
UJ1.12 1 Ethanol 70% 0.0437 30.8 1.492 9.987 3.173 32.59 3.23 
UJ2.1 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 3.99 
UJ2.2 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 4.75 
UJ2.3 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 3.23 
UJ2.4 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 4.94 
UJ2.5 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 3.61 
UJ2.6 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 3.61 
UJ2.7 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 3.42 
UJ2.8 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 3.42 
UJ2.9 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 3.23 
UJ2.10 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 4.37 
UJ2.11 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 1.9 
UJ2.12 2 Ethanol 70% 0.0453 33.82 1.419 10.133 3.24 31.94 3.61 
UJ3.1 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.23 
UJ3.2 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.04 
UJ3.3 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.42 
UJ3.4 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.04 
UJ3.5 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.8 
UJ3.6 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.61 
UJ3.7 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 4.56 
UJ3.8 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.61 
UJ3.9 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.04 
UJ3.10 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 2.85 
UJ3.11 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.8 
UJ3.12 3 Ethanol 70% 0.0373 25.73 1.589 10 3.257 25.73 3.04 
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Local of 
Indentation  
Number 
specimen 
Treatment 
Load at 
Yield 
(KN) 
Stress at Yield 
(Mpa) 
Modulus 
(Mpa) 
Width 
(mm) 
Depht 
(mm) 
Flexural Strenght 
(Mpa) 
Hardness 
(VHN) 
UJ4.1 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.61 
UJ4.2 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.42 
UJ4.3 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.04 
UJ4.4 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 4.18 
UJ4.5 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.23 
UJ4.6 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.99 
UJ4.7 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.61 
UJ4.8 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.8 
UJ4.9 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.61 
UJ4.10 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.42 
UJ4.11 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 3.42 
UJ4.12 4 Ethanol 70% 0.0414 29.86 1.567 10 3.203 29.88 4.18 
UJ5.1 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.85 
UJ5.2 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.85 
UJ5.3 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 3.42 
UJ5.4 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.85 
UJ5.5 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.66 
UJ5.6 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.47 
UJ5.7 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.09 
UJ5.8 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.85 
UJ5.9 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.28 
UJ5.10 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.85 
UJ5.11 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 3.23 
UJ5.12 5 Ethanol 70% 0.0377 26.86 1.529 10 3.213 26.9 2.47 
UJ6.1 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.42 
UJ6.2 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.42 
UJ6.3 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.8 
UJ6.4 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.04 
UJ6.5 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.23 
UJ6.6 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 4.37 
UJ6.7 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.42 
UJ6.8 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.42 
UJ6.9 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.04 
UJ6.10 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.61 
UJ6.11 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 3.42 
UJ6.12 6 Ethanol 70% 0.0501 35.08 1522 10 3.223 35.09 2.66 
UJ7.1 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.23 
UJ7.2 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 2.66 
UJ7.3 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.42 
UJ7.4 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.23 
UJ7.5 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.99 
UJ7.6 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.61 
UJ7.7 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.04 
UJ7.8 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 2.85 
UJ7.9 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.04 
UJ7.10 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.42 
UJ7.11 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.23 
UJ7.12 7 Ethanol 70% 0.0394 27.07 1548 10 3.237 27.64 3.42 
UJ8.1 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 2.28 
UJ8.2 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 2.47 
UJ8.3 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 2.47 
UJ8.4 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 3.23 
UJ8.5 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 2.85 
UJ8.6 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 3.42 
UJ8.7 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 2.09 
UJ8.8 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 3.04 
UJ8.9 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 3.23 
UJ8.10 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 3.23 
UJ8.11 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 2.28 
UJ8.12 8 Ethanol 70% 0.0383 27.85 1596 10 3.223 27.81 3.99 
 
